Abstract. Water-rock interactions within the seafloor are responsible for significant energy and solute fluxes between basaltic oceanic crust and the overlying ocean. Permeability is the primary hydrologic property controlling the form, intensity, and duration of seafloor fluid circulation, but after several decades of characterizing shallow oceanic basement, we are still learning how permeability is created and distributed and how it changes as the crust ages. Core-scale measurements of basaltic oceanic crust yield permeabilities that are quite low (generally 10 Ϫ22 to 10 Ϫ17 m 2 ), while in situ measurements in boreholes suggest an overlapping range of values extending several orders of magnitude higher (10 Ϫ18 to 10 Ϫ13 m 2 ). Additional indirect estimates include calculations made from borehole temperature and flow meter logs (10 Ϫ16 to 10 Ϫ11 m 2 ), numerical models of coupled heat and fluid flow at the ridge crest and within ridge flanks (10 Ϫ16 to 10 Ϫ9 m 2 ), and several other methods. Qualitative indications of permeability within the basaltic oceanic crust come from an improved understanding of crustal stratigraphy and patterns of alteration and tectonic modification seen in ophiolites, seafloor samples and boreholes. Difficulties in reconciling the wide range of estimated permeabilities arise from differences in experimental scale and critical assumptions regarding the nature and distribution of fluid flow. Many observations and experimental and modeling results are consistent with permeability varying with depth into basement and with primary basement lithology. Permeability also seems to be highly heterogeneous and anisotropic throughout much of the basaltic crust, as within crystalline rocks in general. A series of focused experiments is required to resolve permeability in shallow oceanic basement and to directly couple upper crustal hydrogeology to magmatic, tectonic, and geochemical crustal evolution.
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INTRODUCTION

Permeability and Fluid Flow Within Oceanic Crust
Permeability is the most important hydrologic parameter influencing the movement of fluids through Earth's crust. Fluid flow within basaltic oceanic crust transports heat and solutes, modifies the physical state of the crust and the overlying ocean, and impacts processes as diverse as seismicity at ridges and subduction zones, the chemistry and occurrence of arc volcanism, and the distribution of seafloor biological communities. Despite its importance, we presently have a limited understanding as to how permeability is distributed within upper oceanic basement. This understanding is based largely on direct measurements in a few boreholes and an eclectic collection of indirect estimates. Each approach incorporates specific spatial and temporal scales, as well as assumptions regarding the form of permeability, making it difficult to integrate the interpretations into a single model. This paper summarizes recent studies that directly or indirectly address the distribution of permeability in the upper igneous oceanic crust, places results in context, and suggests where future work might be directed. Numerous excellent reviews of fluid flow in Earth's crust [e.g., Cathles, 1990; Lowell, 1991; Garven, 1995; Person et al., 1996] and the extent and influence of hydrothermal circulation within the seafloor [e.g., Humphris et al., 1995; Alt, 1995] have been published in the last few years. The present review is not intended to duplicate these comprehensive summaries, although there is limited overlap, but instead focuses on the magnitude and distribution of permeability within basaltic oceanic crust, how it is established and modified, and how measurements scale, and on assumptions about fluid flow influence our current understanding.
The significance of fluid flow within the oceanic crust has been appreciated since some of the earliest seafloor heat flow studies identified areas containing both high and low values, often over young, thinly sedimented oceanic crust [Von Herzen and Uyeda, 1963; Lee and Uyeda, 1965; Lee and Uyeda, 1965; Elder, 1965] . With the development of analytical cooling models of the lithosphere [McKenzie, 1969; Sclater and Francheteau, 1970] , it soon became apparent that much of the expected conductive heat flow through young oceanic crust was missing and that the discrepancy between models and observations might be attributed to hydrothermal circulation [e.g., Le Pichon and Langseth, 1969; Lister, 1972] . While the magnitude of the total seafloor heat flow anomaly (the extent of deviation from a conductive reference model) is contentious [e.g., Stein, 1992, 1994] , it is widely accepted that a significant fraction of oceanic crustal heat loss occurs advectively when the crust is young [e.g., Wolery and Sleep, 1976; Sclater et al., 1980] and that advection of heat from the crust generally diminishes as the crust ages, reflecting the blanketing effects of the thickening sediment layer, the blocking of pores by the deposition of hydrothermal precipitates and physical crustal consolidation, and a reduction in heat flow into the base of the crust [Anderson et al., 1977; Stein and Stein, 1994] . This paper focuses on the basaltic oceanic crust because that is where most direct measurements have been made. In addition, many of the indirect methods used to infer permeability in the oceanic crust (seafloor heat flow, numerical modeling, geophysical surveys, alteration patterns) are insensitive to hydrogeologic properties deeper than 1-2 km below the seafloor. We eventually need to understand lower crustal hydrogeology as well, but quantifying properties below the basaltic layers will require many more direct measurements.
In the remainder of this introduction, I present a brief overview of common hydrogeologic terminology and describe the general stratigraphy of the upper oceanic crust, developed through several decades of seismic, drilling, coring, dredging, and ophiolite studies. Subsequent sections summarize direct and indirect estimates of permeability within the basaltic oceanic crust, discuss whether the wide range of values might be reconciled, and suggest how several remaining questions could be resolved through carefully planned experiments.
Definitions
The following digression into terminology and basic hydrogeology will be unnecessary for readers familiar with fluid flow phenomena in porous and fractured systems. However, many others interested in permeability and fluid flow in the upper oceanic crust may be unfamiliar with the derivation of these terms and their formal meanings; in several cases the distinctions between similar terms are subtle but important.
The word "permeability" appears frequently in discussions of seafloor physical properties and fluid and mass fluxes, but its historical use has been inconsistent. The empirical work by Darcy [1856] related the volume flux of water through a porous medium (a column of sand packed into a cylindrical tube) to the gradient in head (energy per unit weight of water) and the crosssectional area of the medium perpendicular to flow. The steady state volume flux, geometry of the apparatus, and force driving the flow were related through a constant of proportionality commonly known as "hydraulic conductivity," K. The dimensions of K [L T Ϫ1 ] can be determined through consideration of the dimensions of the other terms in the volume-flux form of the Darcy equation:
The negative sign indicates that flow occurs in the direction opposite to the gradient in head. Later investigators [e.g., Wyckoff et al., 1934; Hubbert, 1940] demonstrated that hydraulic conductivity comprises the properties of the flowing fluid as well as the properties of the porous medium,
where k is rock or soil permeability (or "intrinsic permeability"), g is the specific weight of the fluid, and is fluid dynamic viscosity. Once again, the dimensions of k [L 2 ] are readily determined through an analysis of the other terms in the equation. The observation that permeability has dimensions of area might suggest that it is a measure of the equivalent cross-sectional area of an pipe or channel through which the same volume flux would occur, given an equivalent head gradient [Gueguen et al., 1996] . The use of permeability rather than hydraulic conductivity for describing the transmissive properties of oceanic basement is appropriate, as fluid viscosity and density are highly dependent on temperature, pressure, and composition.
Many workers have derived expressions for the permeability of porous media directly from first principles or from additional laboratory observations, typically by relating permeability to grain size and grain size distribution, the shapes of intergranular pores, or the tortuosity of flow paths [e.g., Walsh and Brace, 1984] , but it has been difficult to find a universal set of relations that can be applied a priori to all hydrogeologic systems. The fundamental problem is that geological materials are complex and heterogeneous; subtle differences in grain size distribution or diagenesis profoundly influence permeability. Understanding and predicting permeability is even more difficult where flow follows discrete channels, as the shape, distribution, and orientation of individual pathways must be determined, as described below.
An alternative form of the Darcy equation describes the volume flux per cross-sectional area:
where q is the "specific discharge" (or "Darcy velocity," a confusing alternative) and has the same dimensions as velocity [L T Ϫ1 ]. The true fluid velocity through a rock depends on the details of the pore structure and the flow path followed by each particle, but a common approach for determining the average linear velocity is to divide specific discharge by the effective porosity, the interconnected void space through which fluids travel. The average linear velocity will always be greater than the specific discharge, and actual fluid velocities along irregular paths are generally greater than the linear average [Freeze and Cherry, 1979] .
Equations (1) and (2) are one-dimensional, steadystate versions of what is widely recognized to be a multidimensional, transient process. Permeability is a tensor property, having as many as nine components [Bear, 1972] . Where directions of principal permeability anisotropy coincide with coordinate axes, the tensor can be reduced to three components: k x , k y , and k z . Only in the isotropic case can permeability be considered to have a single value independent of direction. Similarly, since head can be described in terms of a scalar field, the gradient in head that drives fluid flow is more properly noted as ٌh. There is no reason why the steepest descent along ٌh in a natural system should coincide with one of the principal anisotropy directions in permeability, although they are often assumed to coincide for simplicity. A head gradient oblique to the direction of greatest permeability will often drive significant flow along this direction, particularly when anisotropy is large [e.g., Hubbert, 1940] . Because of the tendency for fluids to follow the most permeable path, the distribution and form of permeability will often dominate the direction and intensity of flow in natural systems [Norton and Knapp, 1977] .
Two additional terms, transmissivity and storativity, appear frequently in literature describing saturated water-rock systems, particularly in the context of water resource development and aquifer test analysis. Transmissivity is the vertically averaged product of hydraulic conductivity and aquifer thickness for two-dimensional (horizontally oriented) aquifers, T ϭ Kb, and has dimensions of [L 2 T Ϫ1 ]. It is essentially a measure of the ability of an aquifer to transmit fluid. Storativity is a vertically averaged measure of the ability an aquifer to store or release fluid in response to a change in head,
where ⌬V is water production (positive or negative) from a unit volume V of aquifer resulting from a unit change in head (⌬h). Within saturated seafloor systems, storativity comprises two primary components: aquifer (pore) compressibility and fluid compressibility. Rock grain compressibility is generally assumed to be sufficiently small to be neglected. Both fluid compressibility (isothermal) and fluid expansivity (isobaric) contribute to storativity in systems undergoing changes in pressure and temperature. All water that comes out of (goes into) a seafloor aquifer must come out of (go into) storage, unless there is a recharge (discharge) source. At steady state, flows into and out of an aquifer balance, and there will be no net change in storage; within transient systems the difference between input and output must be balanced by a change in storage. Permeability varies over many orders of magnitude within natural geological systems, from Ͻ10 Ϫ21 m 2 in shales and massive crystalline rocks to Ͼ10 Ϫ12 in fractured rocks and clean, well-sorted sandstones [e.g., Freeze and Cherry, 1979; Clauser, 1992; Neuzil, 1994] . Variations in permeability of several orders of magnitude are common over length scales of centimeters or less, making it difficult to assess this fundamental hydrologic parameter. Hydrogeologists often deal with smallscale heterogeneity through adoption of a continuum approach, including the selection of a representative elemental volume (REV). The REV is (modified from Bear [1993] ) a rock volume of sufficient size and shape such that (1) the REV contains both rock and void space in consistent proportions no matter where the REV is applied in the domain, (2) a sample (rock or fluid property) taken at a single point within the REV is characteristic of the entire REV, and (3) there would be no statistical change in properties of the REV if the volume was incrementally changed. The last requirement provides both upper and lower bounds on REV size. Selection of an appropriate REV depends on the timescale and length scale of interest, as well as on the nature of the fluid, heat, or solute transport problem under consideration.
Another difficulty in determining permeability in the igneous oceanic crust is that the basalt comprising the shallowest volcanic basement is often fractured. Norton [1988, p. 610] described permeability within fractured hydrothermal systems as being "a measure of the geometric properties of percolation networks that control the magnitude of flow." Flow in fractured and fracturedporous rocks may be considered in terms of an equivalent REV (within which some porous medium is assumed to adequately represent the fractured system), through analysis of discrete flow channels (ignoring flow through the remaining rock within the system, assumed to be insignificant), through a combination approach (dual porosity, dual permeability) that incorporates components of porous and fractured flow systems, with limited or free exchange between the two [e.g., Pinder et al., 1993; Kohl and Hopkirk, 1995; Dershowitz and Miller, 1995] , or as a percolation network [e.g., Gueguen et al., 1991; David, 1993 ]. As will be described later, the first two approaches are by far the most common to have been applied to the basaltic oceanic crust.
One common approach for representing permeability within fractured rock is based on the Navier-Stokes equations for viscous flow between two parallel plates [e.g., Snow, 1968; Norton and Knapp, 1977] , resulting in an equivalent permeability of k ϭ Na 3 /12, where a is fracture aperture and N is the number of fractures per unit length of rock exposure perpendicular to flow. Modifications to the "cubic" rule include replacing the fracture aperture term with mean aperture or hydraulic (effective) aperture terms [e.g., Brown, 1987; Zimmerman and Bodvarsson, 1996] . A similar approach for representing a single fracture (distinct from the surrounding rock) is to cast constitutive flow equations in terms of fracture transmissivity,
where g is gravitational acceleration and is kinematic viscosity [e.g., Keller et al., 1995] . Application of these cubic rules often involves predicting equivalent porous medium permeability or fracture transmissivity from measured fracture parameters (size, distribution, roughness, and occurrence of asperities). The equivalent porous medium approach has a firm theoretical basis for idealized geometries, but applicability to natural systems has been rigorously tested in only a few cases [e.g., Gale and Raven, 1980; Tsang, 1984; Keller et al., 1995] , and often found to be unreliable [e.g., Lee and Farmer, 1993] . The discrete channel approach presents additional challenges. The Darcy equation has been found to apply consistently only under laminar flow conditions, when the Reynolds number (ratio of viscous forces to inertial forces) is very low. Bear [1972] demonstrated that nonlinear flow behavior within porous systems may occur well below the Reynolds number criterion for turbulence, and Zimmerman and Bodvarsson [1996] suggest that the critical Reynolds number for development of nonlaminar flow within rough-walled channels could be lower by a factor of 10 3 than that within smooth channels. Perhaps of greater practical difficulty, one must know in advance the geometry and properties of particular flow channels or have a good statistical understanding of the distribution and properties of the natural fracture set [e.g., Dershowitz and Miller, 1995; Mattison et al., 1997; Glover et al., 1997] . Because seafloor mapping of fracture paths is limited to outcrop and borehole exposures, attempts to describe permeability in the basaltic oceanic crust in terms of discrete channels have generally been limited to idealized "fracture loop" models [e.g., Lowell, 1975; Strens and Cann, 1982] . Ophiolites provide additional opportunities to map fracture patterns in multidimensional detail, but by the time these rocks are exposed on land, many of the fractures are sealed and it is difficult to know when they were open [van Everdingen, 1995] .
Igneous Oceanic Crustal Stratigraphy
The primary, layered stratigraphy of upper oceanic crust was first defined through marine seismic surveys and by analogy with ophiolites [Raitt, 1963; Shor et al., 1971; Moores and Vine, 1971; Cann, 1974] . Subsequent work has revealed additional architectural complexity and raised questions as to how crustal evolution may change correlations between seismic and lithologic boundaries [e.g., Houtz and Ewing, 1976; Purdy and Detrick, 1986; Wilkens et al., 1991] .
Oceanic crustal seismic layer 1 is associated with sediments and is absent at most seafloor spreading centers, where sedimentation rates are typically millimeters per thousand years. Sediments accumulate, thicken, and gain continuity with age as the crust spreads and subsides. Seismic layer 2 is upper basement with a mean P wave velocity V p less than about 6.5 km s Ϫ1 [e.g., Houtz and Ewing, 1976] and relatively high velocity gradients [e.g., Carlson and Herrick, 1990] . There is general agreement that the top of seismic layer 2 is composed of extrusive basalt (pillows and flows) and that the base of layer 2 is intrusive basalt (sheeted dikes), but the identification and lithologic associations of sublayers remain controversial [Jacobson, 1992; Carlson and Jacobson, 1994; Christeson et al., 1994; Carbotte et al., 1997] . One model divides the extrusive basaltic crust into three sublayers: porous pillows, flows and breccias (layer 2A) overlying a less porous extrusive zone and transition (layer 2B), with sheeted dikes at the base (layer 2C). The boundary between layers 2A and 2B is thought to reflect differences in fracturing or hydrothermal alteration [e.g., McClain et al., 1985; Wilcock et al., 1992] . Another model confines the extrusive crust entirely to layer 2A and places the underlying dikes in layer 2B [e.g., Francheteau et al., 1992; Harding et al., 1993; Kappus et al., 1995] .
The top of seismic layer 3 (V p ϳ 6.7 km s
Ϫ1
) is commonly attributed to a lithologic transition from sheeted dikes to gabbro, although measurements in Deep Sea Drilling Project/Ocean Drilling Program (DSDP/ODP) Hole 504B and comparison to ophiolite properties suggests that layer 3 velocities may be found within the sheeted dikes [Carlson and Herrick, 1990; Detrick et al., 1994; Salisbury et al., 1996] . Difficulties in correlating universally between seismic and lithologic boundaries in oceanic crust may reflect different scales of measurement as well as regional and local heterogeneity. While the primary stratigraphy of the upper igneous crust is established close to the ridge crest [Macdonald, 1982; Purdy and Detrick, 1987; Pezard et al., 1992] , subsequent modifications reflect crustal alteration [e.g., Jacobson, 1992; as well as tectonic and magmatic processes [e.g., Karson and Rona, 1990; Johnson et al., 1993; Christeson et al., 1994; Kappus et al., 1995] .
Total oceanic crustal thickness does not seem to vary significantly with seafloor spreading rate [Chen, 1992] , but it may vary with mantle temperature below the ridge [Su et al., 1994] , and it is known to vary in association with structural and magmatic boundaries such as propagating rifts [Hey et al., 1980] , fracture zones [Karson and Dick, 1983] , and along-ridge discontinuities [Macdonald et al., 1988] . Pillow basalts seem to be more common within slow-spreading crust [Bonatti and Harrison, 1988] , although other studies suggest that the upper igneous crust is lithologically variable over a range of spreading rates [e.g., Macdonald et al., 1989; Smith and Cann, 1992; Head et al., 1996] .
Igneous oceanic crust is not exposed at the ridge axis at sedimented spreading centers, where a high sedimentation rate prevents normal igneous crustal accretion. Magma rises from depth, spreads laterally below the seafloor, and cools to form an upper oceanic crust comprising interlayered sills and altered sediment. Two sedimented spreading centers explored through drilling, Guaymas Basin, Gulf of California [Curray and Moore, 1982] and Middle Valley, northern Juan de Fuca Ridge [Davis et al., 1992b] have this upper crustal structure, as has the seafloor within other marginal basins drilled near large sediment sources (e.g., Yamato Basin, Japan Sea [Tamaki et al., 1990]) . It is at least as difficult to correlate seismic and lithologic boundaries within crust formed at sedimented spreading centers as within normal oceanic crust, and making additional associations between seismic and hydrologic properties is challenging in all settings.
DIRECT MEASUREMENTS
Permeability can be measured through application of Darcy's law, a conservation of mass equation for the experimental geometry, and appropriate initial and boundary conditions. Flow is induced and changes in head are monitored, or a head gradient is established and flow is monitored. These laboratory tests and in-situ determinations of permeability within basaltic oceanic crust are considered to be "direct measurements" and are summarized in this section.
Laboratory Measurements
Laboratory measurements of basalt permeability involve cutting a subsample of rock with a specific geometry, encasing the sample in a test chamber, and monitoring changes in fluid pressure or flow rate under controlled conditions. Experimental uncertainties of laboratory measurements are relatively low, perhaps 10% or less for repeated tests of a single sample, although determining the reliability of such measurements for accurate spatial characterization would require a large number of regularly spaced samples.
The first laboratory permeability measurements of oceanic crustal basalt samples collected during DSDP drilling were made with material recovered from Holes 417D and 418A in 110 Ma basement of the western North Atlantic Ocean. One-inch (2.54 cm) diameter cores of fresh basalt and basalt breccia had permeabilities of 10 Ϫ20 to 10 Ϫ16 m 2 [Johnson, 1980a; Hamano, 1980] . Basalt samples containing significant diagenetic smectite had lower permeabilities, 10 Ϫ22 to 10 Ϫ20 m 2 , thought to result from clogging of microcracks by clay particles [Johnson, 1980a] . Permeabilities were not found to vary consistently with porosity or electrical resistivity [Hamano, 1980] . Karato [1983a] tested basalt cores from the upper few hundred meters of basement in DSDP Hole 504B, in 5.9 Ma crust south of the Costa Rica Rift, with the samples exposed to confining pressures of 5-15 MPa (equivalent to about 200 -500 m below seafloor). Permeabilities tended to fall as confining pressures increased to 5 MPa, but were little influenced by subsequent increases. Permeabilities measured at confining pressures greater than 7 MPa had a geometric mean of 5 ϫ 10 Ϫ20 m 2 . Karato [1983a] related core-scale permeability to porosity and electrical resistivity measured on the same samples and noted that the apparent hydraulic radius (the "effective" size of the pore throats) for the samples was considerably smaller than the observed pore size (0.01-0.1 m versus Ͼ10 m). Additional tests conducted on upper basement samples from 1.0 Ma crust on the south flank of the Galapagos Spreading Center yielded similar corescale permeabilities [Karato, 1983b] . Christensen and Ramananantoandro [1988] tested the permeability of basalt samples cored from the interiors of pillow lavas recovered from the Juan de Fuca Ridge and from a vesicular basalt sample recovered from the Tonga-Kermadec region, under confining pressures of 5-40 MPa (500 -1500 m below seafloor). The greatest measured permeability for Tonga-Kermadec basalt was 1.5 ϫ 10 Ϫ18 m 2 , while the greatest measured permeability for Juan de Fuca basalt was 3.0 ϫ 10 Ϫ19 m 2 [Christensen and Ramananantoandro, 1988] . Aksyuk et al. [1992] tested core samples collected from DSDP Hole 345, in 28 Ma crust of the Arctic Ocean, over a range of pressures and temperatures. Core-scale basalt permeabilities increased (up to 7 ϫ 10 Ϫ18 m 2 ) as samples were heated to 600ЊC under confining pressures of 30 -100 MPa, but more typical values at room temperatures and low confining stresses were 10 Ϫ19 to 10 Ϫ18 m 2 [Aksyuk et al., 1992] , consistent with previous measurements.
In Situ Measurements
Measurements of bulk formation permeability have been made in oceanic basement holes using drill string packers, which use inflatable rubber elements to temporarily isolate part of a borehole during testing [Becker, 1986] . A packer is attached to the drill string and lowered into a previously drilled hole in the seafloor. Packers can be set either in casing or in open hole, although the latter requires that the hole be of an appropriate diameter and that the formation provide both mechanical and hydrologic seals. When the packer is set in casing, the entire open hole below the casing is subjected to testing, as is the cement bond between the casing and the formation. A packer can also be set with two inflatable elements, either with the elements placed next to each other (to assure a good seal) or with the elements separated by one or more sections of drill pipe (to allow testing between the elements), but this second kind of test has never been completed in a DSDP or ODP borehole. Rig floor and downhole gauges record pressures during all packer operations.
Two main kinds of packer tests have been used to estimate in situ properties: pressure slug tests and constant-rate injection tests. A slug test is initiated with a rapid increase in fluid pressure in the borehole below the packer, and the decay with time of this excess pressure is monitored. An injection test is conducted by pumping fluid into the isolated zone at a constant rate and monitoring the rise in fluid pressure with time. After a period of continuous injection (typically 20 -30 min in DSDP and ODP boreholes), pumping is stopped and the pressure recovery of the formation is monitored to make an additional estimate of hydrologic properties. Time series observations from all tests are compared with one or more idealized aquifer models to estimate formation properties, as described below. Although multihole aquifer tests are common in terrestrial hydrogeology and petroleum engineering practice, only single-hole packer tests have been conducted to date in oceanic basement.
The standard hydrologic methods used to analyze packer data are based on fitting time series pressure observations to analytical solutions of a mass conservation, radial flow equation, using appropriate boundary and initial conditions. All interpretations of DSDP and ODP packer tests in basement have been based on the following assumptions: the permeable zone is horizontally oriented, of infinite lateral extent and of constant thickness; prior to pumping, head is the same everywhere in the permeable zone; the well has a small diameter relative to the depth of influence of the test and is 100% efficient, with no "skin" or damaged zone resulting from drilling or other operations; the well fully penetrates the aquifer, which has hydrologic properties that are isotropic and homogeneous; fluid flow to and from the well is radial, horizontal, independent of azimuth, and laminar; and fluid properties do not vary with time or location during each test. These assumptions incorporate an application of the REV concept described earlier, in that the test interval is assumed to be large in relation to the size and distribution of flow channels in the rock, and to be effectively represented by a porous medium having homogeneous, isotropic properties. Packer experiments do not indicate how zones of high and low transmissivity are distributed within the tested intervals, and the results of these tests must be considered to reflect idealized formation properties [Becker, 1990a] . The permeability values estimated from these tests are for an equivalent porous medium and are commonly referred to as "bulk permeabilities" [e.g., . This term is restricted in the present review to results of borehole testing.
DSDP and ODP slug tests have been analyzed using the method of Bredehoeft and Papadopulos [1980] for low-permeability formations, a modification of the method described by Cooper et al. [1967] and Papadopulos et al. [1973] . The relative pressure change with time is related to two dimensionless parameters ␣ and ␤ by the integral function F(␣, ␤). The ␣ parameter includes storativity, while the ␤ parameter includes transmissivity (see section 1.2). Normalized pressure data are plotted against log-time and compared to a family of type curves of F(␣, ␤) versus log ␤, for values of ␣ spanning many orders of magnitude. The time axis of the data is shifted relative to the type curves to find a good match, and the corresponding transmissivity and storativity values are calculated. The type curves for different values of ␣ are similar, making it difficult to constrain storativity to better than about an order or magnitude, even under ideal conditions [Cooper et al., 1967; Bredehoeft and Papadopulos, 1980] . In contrast, estimates of bulk formation permeability are generally more reliable, accurate to within a factor of 2-3 if the data are of high quality, but subject to the assumptions listed above.
The quantitative interpretation of slug test data requires that the initial pressure pulse be of a short duration relative to the subsequent decay. Typically during DSDP and ODP slug tests, 250 -1000 L of fluid is pumped into a sealed hole in 30 -60 s, producing a pressure rise of 0.5-2.0 MPa (depending on formation properties and the thickness of the isolated zone). If the pressure rise is small and decays quickly (within a few to a few tens of seconds), then the formation is too permeable for slug testing, and injection tests must be used to assess bulk permeability. The standard solution to the radial flow equation applied to constant-rate injection testing in aquifers [Theis, 1935] relates head changes following the start of pumping to an integral function W(u), often called the "well function" [Freeze and Cherry, 1979] . The dimensionless parameter u contains formation transmissivity and storativity, time since pumping started, and the radial distance to the observation point from the pumping well. Observations are compared to a type curve of W(u) versus 1/u in log-log space, the abscissa and ordinate of the data plot are shifted to match the type curve, and corresponding values for transmissivity and storativity are calculated.
The method most commonly applied to interpretation of ODP injection tests [Becker, 1990a] is analogous to the increase in sediment temperature surrounding a thin probe containing a heat source, as used in thermal conductivity measurements [Von Herzen and Maxwell, 1959] . This approach has been used extensively in petroleum reservoirs [Horner, 1951; Matthews and Russell, 1967] and can be justified by representing the function W(u) as a truncated series expansion, valid for small values of u (long times since the start of pumping or short distances from the pumping well) [Cooper and Jacob, 1946] . Another method used for interpretation of injection tests in oceanic basement was based on the steady state Glover formula [Snow, 1968] , useful after the pressure increase within the isolated interval becomes stable during continued pumping.
Interpretation of formation recovery data following the end of injection is accomplished by noting that the cessation of pumping is equivalent to the superposition of a phantom well in the same location, with fluid pumped out of the formation at a rate equal to that used during injection. The net flux into the formation is then zero, and the linear solutions for flow in and out of the formation may be superimposed and matched to observations, essentially using the transient methods described above for interpretation of injection tests. Multiple tests conducted in the same well that do not allow for full recovery between slugs or injection periods must also be corrected for residual decay from earlier tests. The fitting of borehole test data to type curves has traditionally been accomplished by eye, although procedures for interpretation of ODP data have become standardized [Becker, 1990a] .
The validity and significance of the assumptions used to interpret borehole packer data in shallow oceanic basement vary from site to site and with the depth intervals and timescales of individual tests. If most of the transmissivity measured in a deep borehole is concentrated within a few discrete fractures located close together, the calculated bulk permeability of the fractured rock will depend on the thickness of the tested interval. If additional geological or geophysical information is available, permeability estimates may be refined, but the bulk values calculated for thick sections of basalt are still useful for comparison. This approach is fairly conventional for in-situ permeability testing in crystalline rock [e.g., Brace, 1984] , although newer methods developed for interpretation of fractured aquifers [e.g., Moench, 1984; McConnell, 1993] are becoming increasingly common. Challenges in applying newer methods to DSDP and ODP boreholes arise from the need for knowledge regarding the distribution and importance of individual fractures, the lack of one or more observation wells distinct from the pumping well, and the extremely short duration of oceanic aquifer tests. Results of all DSDP and ODP packer testing in basaltic oceanic crust are listed in Table 1 , geographical locations are shown in Figure 1 , and the geological settings and test results are summarized briefly below. The first in situ hydrologic tests in basaltic oceanic crust were completed in 5.9 Ma basement of DSDP Hole 504B. Site 504 is located on the flank of an abyssal hill, where a high sedimentation rate has led to the burial of young igneous crust below several hundred meters of calcareous and siliceous sediment [Costa Rica Rift United Scientific Team (CRRUST), 1982; Langseth et al., 1983] . Packer measurements indicated that the shallowest 200 m of igneous basement were relatively permeable, 10 Ϫ14 to 10 Ϫ13 m 2 [Anderson and Zoback, 1982; Zoback and Anderson, 1983] . Measurements deeper than 250 m into basement revealed bulk permeabilities near 10 Ϫ17 m 2 [Anderson et al., 1985b, c; , although Becker [ , 1996 also noted that system compressibilities may have been underestimated during some of the earlier tests, leading to an underestimate of bulk permeability by as much as an order of magnitude. Becker [1996] also processed data from an injection test conducted but not analyzed by Anderson and Zoback [1982] (interpreted at that time to indicate failure of the packer element) as indicating bulk permeability possibly as Larson et al. [1993] .
e Reinterpretation of packer experiments conducted by Anderson et al. [1985a, b] assuming a system compressibility for slug tests more typical of ODP packer testing in this setting.
f Smaller test interval based on hypothesis of Becker et al. [1994] that most transmissivity is concentrated within a thin zone defined by geophysical and spinner-flow meter logs.
g Most reliable injection test. h Inferred bulk permeability for listed interval based on the difference of transmissivities for partially overlapping test intervals.
great as 1.4 -7.5 ϫ 10 Ϫ16 m 2 over subbasement depths of 250 -1000 m. Thus while the basaltic crust greater than 250 m into basement is considerably less permeable than the shallowest 200 m of basement, the difference in permeability may be as little as two orders of magnitude or as great as four orders of magnitude (Table 1) .
ODP Hole 896A was subsequently drilled near the peak of a local heat flow high over a basement ridge about 1 km southeast of Hole 504B, where chemical data from sediment pore fluids indicated fluid upflow from basement at a rate of millimeters per year [Langseth et al., 1988; Mottl, 1989] . Bulk permeabilities over the upper 290 m into basement in Hole 896A are 10 Ϫ14 to 10 Ϫ13 m 2 , similar to that in uppermost Hole 504B [Becker, 1996] . Data from Hole 896A do not indicate the abrupt decrease in permeability with depth below 250 m into basement that was apparent in Hole 504B, perhaps reflecting lateral variability. DSDP Hole 395A was drilled into 7.3 Ma crust on the west flank of the Mid-Atlantic Ridge (MAR). Unlike Sites 504 and 896, Site 395 is located in a region of common basement exposure at the seafloor, where local topographic depressions collect sediment as isolated ponds, typically 1-10 km across and Յ500 m thick . Hole 395A, located near the eastern edge of one such pond, was drilled 571 m into basement during DSDP Leg 45 and was revisited for downhole experiments during DSDP Leg 78B. Hickman et al. [1984a] conducted packer experiments in the lower 80 m of Hole 395A (490 -570 m into basement) and measured bulk permeability of about 6.0 ϫ 10 Ϫ18 m 2 . Becker [1990b] conducted additional packer tests during ODP Leg 109 and documented significantly greater permeability (Յ1.5 ϫ 10 Ϫ14 ) over a depth range of 300 -510 m into basement, comparable to the upper 215 m of basement in Hole 504B and the upper 250 m of basement in Hole 896A (Table 1) .
Packer experiments were conducted within some of the oldest remaining seafloor, Jurassic oceanic crust of the Pigafetta Basin in the western Pacific Ocean, where 600 m of sediment and 132 m of basement were penetrated during ODP Leg 129 [Larson et al., 1992] . A suite of downhole measurements was completed in Hole 801C during ODP Leg 144 [Larson et al., 1993] . Packer measurements 40 -130 m into basement indicate a bulk permeability of about 10 Ϫ13 m 2 ; a higher value is indicated if the transmissivity is concentrated within a hydrothermally altered zone about 18 m thick (Table 1) , as suggested by drilling conditions, geophysical logs, and basement alteration patterns [Larson et al., 1993] . The basement architecture around Hole 801C is unusual compared to most upper oceanic crust being created today, as the hole penetrates 157.4 Ma alkalic (off-axis) basalts overlying 166.8 Ma tholeitic (axial) basalts [Floyd and Castillo, 1992; Pringle, 1992] . The hydrothermally altered zone containing the greatest permeability is sandwiched between, and may include parts of, these distinct crustal layers. It is not clear how common this crustal character is for Mesozoic oceanic basement, although off-axis volcanism was more common during that period than it is today [Larson et al., 1993] .
Packer experiments were also conducted in very young basaltic basement at Site 858 in Middle Valley, a sedimented rift at the northern end of Juan de Fuca Ridge . Hole 858G was drilled through 259 m of sediments and 174 m into a buried basement edifice believed to have been exposed at the seafloor prior to burial by turbidites [Langseth and Becker, 1994] . The exact age of upper basement at Site 858 is uncertain, but it is probably Յ200 ka [Davis and Villinger, 1992] . Packer measurements over a depth interval of 10 -175 m into basement in Hole 858G indicate bulk permeability of about 10 Ϫ13 m 2 , consistent with upper crustal measurements in more normal settings (Table 1) . Spinner flow meter and temperature measurements in Hole 858G suggest that much of the transmissivity may be concentrated within a zone 61-91 m into basement. If so, this zone would have a proportionately greater bulk permeability.
Packer measurements of bulk permeability from two additional oceanic basement holes are worth noting, although these crustal sections are lithologically distinct from normal basaltic basement. ODP Hole 857D is also located in Middle Valley, 1.6 km south of Hole 858G [Shipboard Scientific Party, 1992] . In contrast to Hole 858G, drilled through sediments and into purely igneous basement, Hole 857D was drilled through 470 m of sediments and another 466 m into a sediment-sill sequence [Langseth and Becker, 1994] . The intervals of packer testing in Hole 857D comprised the lowermost 180 and 362 m of the hole, entirely within the sedimentsill sequence. Packer measurements indicate a bulk permeability of 10 Ϫ14 m 2 for the lower 180 m of Hole 857D, while measurements including the lower 362 m of the hole indicate a bulk permeability orders of magnitude greater . Spinner flow meter, temperature, and geophysical logs suggest that much of this permeability is concentrated within one or more thin zones; the zone that appears to be the most transmissive is 5 m thick and is estimated to have a bulk permeability of approximately 10 Ϫ10 m 2 . Little is known about the structure or lithology within this narrow interval, as core recovery was poor and a large borehole diameter reduced the quality of geophysical logs. The interval is believed to be a fault zone , on the basis of the common occurrence of normal faults in this extensional setting [Davis and Villinger, 1992; and the apparent structural offset between correlatable sedimentary units at Sites 857 and 858 [Langseth and Becker, 1994] .
ODP Hole 735B was drilled 501 m into 11.7 Ma gabbroic oceanic crust on a transverse ridge east of the Atlantis II fracture zone, Southwest Indian Ridge. The basement rocks exposed at the seafloor at Site 735 are thought to represent a tectonically unroofed section of the lower oceanic crust [Shipboard Scientific Party, 1989; Dick et al., 1991] . Packer experiments were conducted at multiple depths and indicate bulk permeabilities of 2 ϫ 10 Ϫ14 m 2 for the lower 450 m of the hole and 2 ϫ 10 Ϫ16 m 2 for the lower 111 m of the hole [Becker, 1991] . Much of the high transmissivity in Hole 735B is associated with one or more open fractures within sheered gabbros between 170 and 270 m below seafloor [Becker, 1991; Goldberg et al., 1992] . This interval contains mylonites, variably oriented foliations, and other evidence for synmagmatic deformation, as well as abundant veins and other indications of postemplacement fluid flow and alteration .
The measurements made in Holes 857D and 735B have much in common with others made in oceanic basement. The greatest bulk permeabilities are associated with open fractures and confined to limited depth intervals [Becker, 1991; Von Herzen et al., 1991; Langseth and Becker, 1994] . In addition, when these extremely transmissive zones are excluded, bulk permeabilities within the remaining basement intervals are similar to those determined in the upper 500 m of basaltic oceanic crust, about 10 Ϫ14 to 10 Ϫ13 m 2 [Becker, 1991; Becker et al., 1994] . Additional packer measurements were recently completed in ODP Holes 1024C, 1026B, and 1027C within the uppermost 50 m into basement in 1.0 -3.5 Ma crust on the east flank of Juan de Fuca Ridge [Davis et al., 1997b] . Although processing and interpretation of these data is not yet complete, preliminary analyses suggest bulk permeabilities that are broadly consistent with measurements in upper basement in other locations (K. Becker, personal communication, 1997) .
Results of packer experiments in DSDP and ODP basement holes are plotted in Plate 1. Bulk permeabilities span seven orders of magnitude, from Յ10 Ϫ17 m 2 at depths below 500 m into oceanic basement in Holes 504B and 395A, to 10 Ϫ10 m 2 within a thin interval in the sediment-sill sequence of Hole 857D. The data from basaltic crust can be divided into two distinct sections, with relatively high bulk permeabilities (Ն10 Ϫ14 m 2 ) extending to about 500 m into basement. There are no values greater than 10 Ϫ13 m 2 that include intervals deeper than 100 m into basement, and intervals extending from 100 to 300 m into basement generally have bulk permeabilities of 10 Ϫ14 to 10 Ϫ13 m 2 . While some of the depths at which bulk permeability appears to drop abruptly correlate with lithologic boundaries, these depths also reflect the extent of basement drilling and the thicknesses of the tested intervals. Interpretations based on analysis of open hole temperature logs (also shown in Plate 1) are discussed in the following section on indirect methods.
INDIRECT ESTIMATES AND INFERENCES
A wide variety of borehole, seafloor, and ophiolite observations and experiments reflect the nature of permeability within the upper igneous oceanic crust. Discussion of these indirect methods requires more explanation than did discussion of direct methods, and many indirect approaches result in qualitative or semiquantitative constraints on permeability. However, these approaches are extremely valuable, as they reflect observations over wide temporal and spatial scales and the inferences are complimentary to direct measurements. A comprehensive representation of permeability in the basaltic oceanic crust should satisfy both direct and indirect constraints.
Borehole temperatures indicate fluid flow rates to and from upper basement, and flow rates are related to bulk permeability through idealized models of the formation surrounding the borehole. Borehole geophysical logs, fracture analyses based on borehole imaging, fracture studies of seafloor basalt cores and ophiolites, and investigations of basalt structure and alteration from boreholes and cores all reflect hydrologic conditions in basement, although interpreting these data quantitatively is difficult since it requires defining relationships between fracture and flow properties.
Seafloor heat flow measurements have been used to infer the bulk magnitude and distribution with depth of permeability in underlying basement rocks, with interpretations rooted firmly in conceptual models of circulation geometries. More complex analytical and numerical models have also been used to infer basement hydrologic properties, with models constrained by subseafloor thermal, chemical, and pressure information. Numerous seafloor geological and geophysical observations also reflect permeability within the upper igneous crust. All of these approaches require assumptions regarding permeability distribution, heterogeneity, porous versus fracture flow, flow scale, and other parameters.
Borehole Thermal Measurements
Of the indirect methods used to estimate upper crustal permeability, borehole thermal data provide the strongest quantitative constraints. Temperature logs in open holes penetrating basement commonly indicate the flow of water into or out of the crust. Seawater often flows down boreholes drilled into upper oceanic basement because the ambient thermal state of the crust, in combination with the thermal expansivity of seawater, causes crustal fluids to have a pressure lower than that of cold seawater in an adjacent borehole. Since cold seawater is introduced into the borehole during drilling, the pressure difference between borehole fluid and formation fluid (referred to herein as "differential pressure") results from a combination of artificial and natural conditions. In contrast, crustal underpressuring or overpressuring relative to ambient hydrostatic conditions is a natural process and may result in fluid flow through basement and overlying sediments at thermally or chemically significant rates even in the absence of a borehole [e.g., Langseth and Herman, 1981; Langseth et al., 1988; Davis et al., 1992a] .
Quantitative interpretation of borehole logs to estimate flow rates requires knowledge of the background geothermal gradient, as this provides both initial and boundary conditions for the analysis. Once a flow rate has been calculated from a borehole temperature log, crustal permeability can be estimated on the basis of the measured or calculated differential pressure. Given a correct initial differential pressure, the reliability of permeabilities deduced from temperature logs is essentially the same as that of permeabilities determined from Plate 1. Bulk permeabilities within upper oceanic basement determined with a borehole packer and through analysis of borehole temperature logs. References for the various measurements and calculations are listed with data and depth intervals in Tables 1 and 2 . Data from Holes 735B and 857D, while not in basaltic basement, are shown for comparison. The actual depths into "basement" for these measurements are not known, so the data are plotted relative to depth below seafloor (Hole 735B) and depth below the first sill (Hole 857D). The depth ranges for individual measurements indicate the borehole intervals over which the bulk permeability values are attributed. In some cases these represent entire isolated intervals, while in other cases the ranges are based on the differences between transmissivities calculated for overlapping intervals. The range of bulk permeabilities indicated by the width of the boxes reflects differences in values calculated for multiple tests and an estimate of experimental uncertainties. The arrow pointing to the right of the value calculated from an experiment in Hole 504B indicates that this test may have led to an underestimate of the bulk permeability over this thick depth interval because of uncertainties regarding system compressibilities [Becker, , 1996 . See text and cited references for discussion of assumptions and analysis methods.
packer experiments. For this reason, and because many of the assumptions and approximations in the analyses are similar to those used in interpretation of packer data, crustal permeabilities estimated from borehole thermal data are referred to as "bulk permeabilities" in this review. Borehole thermal data may also allow rough assessment of the thickness of the most permeable zone(s), as changes in borehole thermal gradients are often associated with differences in the rate of flow into or out the formation. The shape of the thermal profile is particularly helpful for identifying the base of the deepest zone into which (or from which) fluids flow, as borehole fluids above this depth may be close to isothermal if the flux is sufficiently high. Locations of sites in which basement permeabilities have been estimated using on borehole thermal data are shown in Figure 1 , and results of these analyses are summarized in Table 2 . Becker et al. [1983a, b] used the shape of temperature logs in DSDP Hole 504B to estimate the rate at which water flowed down through casing and into upper basement, based on steady state and transient, radial heat exchange models. Open hole thermal data collected 50 days after Hole 504B was drilled indicated that seawater flowed down the hole at about 90 m h Ϫ1 and that much of this flow entered the formation within a zone 30 -100 m thick within uppermost igneous basement [Becker et al., 1983a] . Based on a calculated differential pressure [Anderson and Zoback, 1982] and a radial flow model, bulk permeability within this upper basement aquifer was estimated to be 6 ϫ 10 Ϫ14 m 2 to 2 ϫ 10 Ϫ13 m 2 [Becker et al., 1983a, b] . The velocity of flow down Hole 504B was reduced to about 25 m h
Ϫ1
, 2.1 years after penetration of basement (DSDP Leg 83 ), and subsequently to 1 m h Ϫ1 , 6.9 years after initial drilling (ODP Leg 111 [Gable et al., 1989] ), suggesting that the differential pressure in basement was being quenched by continued seawater inflow. Surprisingly, the fluid flow rate down Hole 504B increased prior to ODP Leg 137, 11.5 years after penetrating basement, with the flow velocity approaching that estimated 9 years earlier during DSDP Leg 83, before decreasing again a much lower rate as of ODP Legs 140 and 148 [Gable et al., 1995; Guerin et al., 1996] . The reason for the unexpected increase in flow rate down Hole 504B many years after drilling is unknown, but it seems to require an increase in differential pressure, an increase in bulk permeability, or development of a discharge path leading from the basement borehole to the overlying ocean (as around Hole 395A).
Open hole temperature measurements were made in basement Hole 395A on the west flank of the MAR during DSDP Leg 78B and ODP Leg 109 [Kopietz et al., 1990] . In contrast to conditions in Hole 504B, flow down Hole 395A seems to have continued undiminished for at least 10 years at 10 -100 m h Ϫ1 . Using this range of flow rates and the same heat exchange model used in Hole 504B [Becker et al., 1983a] , the bulk permeability of the upper 240 m of basement surrounding Hole 395A was estimated to be 10 Ϫ14 to 10 Ϫ12 m 2 [Becker, 1990b] . This estimate was refined 4 years later with additional measurements in Hole 395A. Thermal data indicated that flow continued down Hole 395A at approximately the same rate [Gable et al., 1992] , while a flow meter experiment indicated bulk permeabilities near 10 Ϫ14 m 2 within the upper 350 m of basement [Morin et al., 1992a] , close to the bulk value determined for the interval 300 -500 m into basement using a packer [Becker, 1990b] . A much lower value (Ͻ Ͻ10 Ϫ16 m 2 ) was estimated for the lowermost 200 m of the hole [Morin et al., 1992a] , also in agreement with earlier packer measurements (Table 2) . Additional thermal data were collected in Hole 395A during summer 1997, and the hole was sealed to prevent continued fluid flow into the seafloor. A long-term seafloor observatory will monitor thermal and pressure recovery of the borehole for the next several years (K. Becker, personal communication, 1997) , providing additional quantitative constraints on crustal hydrogeology. Fisher et al. [1997] used the same method as Becker et al. [1983a] to calculate the flow rate out of Hole 1026B, drilled into a buried basement ridge in 3.5 Ma crust on the east flank of Juan de Fuca Ridge. Flow out of the formation soon after drilling indicated that the formation was naturally overpressured relative to cold hydrostatic, consistent with two-dimensional models of buried basement ridges in the upper oceanic crust in similar settings [Fisher et al., 1990 [Fisher et al., , 1994 Davis et al., 1997a] . Although the hole penetrated over 40 m into basement, the temperature data clearly indicated that flow originated from a 10-m-thick zone in the shallowest basalt. The temperatures were consistent with a flow rate of 80 -120 m h Ϫ1 , and on the basis of a likely basement overpressure no greater than 20 -30 kPa, bulk permeability within this thin zone is 5-9 ϫ 10 Ϫ12 m 2 [Fisher et al., 1997] .
Thermal data indicating flow into basaltic basement were also collected in Hole 858G in Middle Valley, north Juan de Fuca Ridge [Shipboard Scientific Party, 1992] . Open hole temperature data collected 1.5 days after drilling into basement indicated a flow rate down the hole of about 125 m h Ϫ1 [Langseth and Becker, 1994] . Davis and Becker [1994a] estimated that the formation fluid pressure in basement at Site 858 is naturally overpressured by 200 -450 kPa relative to hot hydrostatic, a range consistent with long-term measurements in the subsequently sealed borehole (E. E. Davis, personal communication, 1997) . There must have been a negative differential pressure at the time the open hole temperature log was collected, however, as these measurements indicated flow down the hole and into the formation. A reasonable upper limit on this differential pressure is the difference between hot and cold hydrostatic at the depth at which fluid entered the formation, calculated to be 600 -700 kPa using a standard equation of state [Haar et al., 1984] and the predrilling thermal gradient [Langseth and Becker, 1994] . This value is close to the 500 kPa Fisher et al. [1994] , Fisher and Becker [1995] differential pressure observed at the start of packer experiments but greater than the differential pressure measured several days later as Hole 858G was sealed [Davis and Becker, 1994a] . Using a reasonable range in the initial differential pressure in Hole 858G of 200 -600 kPa, and allowing flow rates down the hole of 100 -150 m h Ϫ1 soon after drilling, the bulk formation permeability would be 1 to 6 ϫ 10 Ϫ14 m 2 if uniformally distributed within the upper 160 m of basement, or 8 ϫ 10 Ϫ14 m 2 to 4 ϫ 10 Ϫ13 m 2 if permeability was limited to a zone 61-91 m into basement, as suggested by flow meter and temperature logs [Becker et al., 1983a (Figure 2) .
Results of bulk permeability calculations based on borehole thermal data are plotted along with packer results in Plate 1. The borehole thermal data yield values that are consistent with the trends defined by packer measurements, with almost six orders of magnitude of variation over the shallowest 500 m of basement. The estimate of bulk permeability at the top of Hole 1026B is particularly well constrained by the thermal data, which indicate that the hydrologically active part of upper 40 m of basement corresponds to the shallowest 10 m of basalt. Fluid flowing out of this interval of overpressured basement is very similar in chemical composition to fluids flowing out of basement warm springs several kilometers away [Shipboard Scientific Party, 1997] , suggesting that this shallow crustal interval is laterally extensive and/or chemically homogeneous.
Other Borehole Estimates of Hydrogeologic Properties
Much of the geophysical logging in oceanic basement holes over the last 20 years was intended to document large-scale formation porosity. While porosity is related to permeability, the nature of this relation depends on the form(s) of porosity. The three primary forms of porosity most commonly present in igneous oceanic crust are [Pezard, 1990] (1) vesicles and other primary porosity, likely to be occluded; (2) microcracks having narrow widths and limited lateral extent; and (3) macrofeatures associated with pillow boundaries, collapse structures, and larger-scale tectonic deformation. The first two porosity types can be studied in the laboratory with core samples, while the third requires in-situ measurement and relates most closely to formation-scale permeability. Since there is no way to measure in-situ porosity directly, formation resistivity, density, sonic velocity, and other tool responses are typically related to porosity through theoretical and empirical equations. There are commonly differences between porosity estimates based on different instruments [e.g., Moos, 1990] , so for the purposes of this review it is perhaps more useful to note relative differences in apparent porosity within a single hole than to rely on absolute values The shaded region indicates a reasonable range of flow velocities estimated using a temperature log collected 1.5 days after penetration of basement [Langseth and Becker, 1994] . The boxes indicate likely ranges of flow rates and differential pressures. The limits on the initial differential pressure around Hole 858G are well constrained by observational data and the calculated difference in fluid density over a temperature range of 2Њ-280ЊC. The transient diffusive model used to generate these curves is described by Becker et al. [1983a] and Fisher et al. [1997] . estimated using any one instrument. As in the case of permeability measurements, geophysical logging of oceanic basement has been largely restricted to the upper 500 -1000 m (and generally to the upper 300 m) in a small number of holes. Kirkpatrick [1979] presented the first suite of conventional geophysical logging data collected in the igneous oceanic crust, with measurements made in the upper 200 m of basement around DSDP Hole 396B, 9 Ma crust, east of the MAR. Porosities in upper basement were of the order of 13% or greater, even in massive units, in contrast to core-scale porosity measurements from nearby sites yielding much lower values [Hyndman and Drury, 1976] . Geophysical logging in the upper 100 m of basement in Hole 417D in the western Atlantic Ocean [Salisbury et al., 1980] revealed physical properties consistent with the alternation of pillow and massive flow deposits, as delineated by Ͼ70% core recovery in basement. Basement porosity was estimated to be about 13%, with 8% attributed to grain boundary porosity and 5% attributed to open macroscale fractures. Both of these in-situ studies revealed layering in basement porosity, with the greatest values associated with breccia and pillow zones tens of meters thick [Kirkpatrick, 1979; Salisbury et al., 1980] . Large-scale resistivity experiments conducted in DSDP Hole 504B [Becker et al., 1982; Von Herzen et al., 1983; Becker, 1985] revealed a similarly layered structure correlated with basement lithology. Apparent resistivity values were interpreted to indicate a decrease in porosity with depth, from 11-14% in the upper 150 m of basement to 7-10% in the next 500 m, dropping to 1-3% within the transition to sheeted dikes below the upper 700 m of basement [Becker, 1985] . Pezard [1990] reinterpreted resistivity logs from Hole 504B after a quantitative analysis of the clay and zeolite contribution to electrical conductivity and concluded that while the absolute magnitude of "free water" (water not bound to minerals) porosity may be significantly lower than previously calculated, strong vertical layering remains in the corrected data. In fact, the reinterpreted porosity profile is more consistent with the apparent abrupt decrease in permeability with depth documented during packer experiments [e.g., Anderson et al., 1985b, c; Becker, 1990b] than was the apparent porosity profile calculated without correcting for cation exchange effects [Becker, 1985] . Matthews et al. [1984] , Moos [1990] , and Carlson and Herrick [1990] analyzed geophysical logs from the upper 500 m of basement in DSDP Hole 395A, and although data were of variable quality because of deviations in hole size, the resistivity, sonic, and other logs reveal a striking sequence of layers 50 -200 m thick. These layers were previously interpreted to reflect magmatic cycles of crustal accretion . Each layer is defined by low apparent porosity at the base, grading upward to higher porosity (in pillows, breccia, and talus) at the top, thought to represent the last phase of each eruptive sequence. There is good correlation between abrupt changes in gradient in temperature logs collected in Hole 395A [Kopietz et al., 1990; Gable et al., 1992] and the tops of these petrophysical sequences [Pezard, 1990] , indicating that the most porous zones contain preferred fluid flow paths. Cyclic porosity variations are also apparent in the values estimated from a large-scale resistivity experiment in Hole 395A, superimposed on an overall decrease in porosity with depth [Becker, 1990c] . Anderson et al. [1985a] compared geophysical logs from Hole 504B with those collected in the upper 178 m of basement in DSDP Hole 556, in 17 Ma crust west of the Azores. The upper crust around Hole 556 was well defined by 50% core recovery and includes very thin layers of basalt pillow, breccia, and massive flow units in the upper 90 m of basement, underlain by gabbro, gabbroic breccia, and serpentinized gabbro. Pillow and breccia intervals had the highest and most variable apparent porosity values, with the greatest apparent porosities clustering along boundaries between pillow and breccia units . Broglia and Moos [1988] analyzed borehole logs from the upper 450 m of basement in Hole 418A, 110 Ma crust, in the western Atlantic Ocean. These data also indicate a highly layered porosity structure, although in this case the uppermost 65 m of basement is massive and relatively unaltered, while the underlying 140 m of basement comprises a highly altered pillow and breccia unit with apparent porosities of 5-25%. Natural gamma ray and bulk density logs from Hole 418A indicate a similarly layered structure, with abrupt transitions above and below the altered pillow and breccia intervals [Broglia and Moos, 1988; Carlson et al., 1988] . Jarrard and Broglia [1991] analyzed borehole geophysical logs from the upper 220 m of basement at Site 768 in the Sulu Sea (18 Ma) and the upper 110 m of basement at Site 770 in the Celebes Sea (42 Ma). These sites are the only representatives within an enormous age gap between other sites of upper basement geophysical logging (essentially 20 -110 Ma). In addition, the crust at Site 768 is likely to have formed in a back arc setting [Jarrard and Broglia, 1991] . The high-quality logs show consistent patterns of crustal layering. Pillow basalts within the upper 100 m at Site 768 have uniformally low resistivities and compressional velocities, indicating relatively high porosities, in distinct contrast to underlying dolerites and sheet flows. The upper 100 m of logs from Site 770 indicate less variability, but thin intervals of relatively high porosity are associated with pillow and breccia zones identified from cores. Larson et al. [1993] and Jarrard et al. [1995] noted similarly striking layering within the upper 100 m of basement around ODP Hole 801C in the western Pacific Ocean, although in this case the layering reflects a discrete hydrothermal zone incorporating the boundary between axial and off-axis eruptive deposits. Apparent porosity at this site remains high within Jurassic upper basement, much as open porosity remained high at 110 Ma Site 418 [Salisbury et al., 1980] . It may be that the isolation of basement rocks in these areas by a thick, relatively impermeable sediment cover has helped to preserve porosity (and permeability) in some of the oldest remaining seafloor by reducing exchange of fluid and solutes with the overlying ocean.
Borehole Imaging and Core Fracture Analysis
In-situ imaging tools such at the borehole televiewer (acoustic) and formation microscanner (FMS, resistivity) have been used to map out the density, orientation, and borehole apertures of fractures within the upper oceanic crust at several sites. Fracture analyses have also been conducted using basement cores recovered from deep-sea boreholes. Both methods present difficulties: borehole irregularities (washouts, breakouts) and tool malfunctions have resulted in collection of borehole imaging data of variable quality. Core orientation and incomplete and biased recovery present additional challenges. Relating the appearance of fractures on a borehole wall or in a core sample to formation-scale permeability is demanding even under ideal circumstances, as boreholes and cores provide limited views of fracture geometries, hydraulic properties, and regional significance.
The borehole televiewer was first deployed in the upper few hundred meters of oceanic basement rocks in DSDP Hole 504B and nearby Hole 501 . Although the quality of the analog images was mixed, distinct lithologic units, fractures, and voids were readily apparent. Only about 25 m of basement data were collected in Hole 501, but the images revealed alternating pillow basalts and massive flows, including one unfractured unit about 8 m thick subsequently correlated to Hole 504B .
Longer and higher-quality televiewer records were later collected in Hole 504B, revealing more horizontal to subhorizontal fractures in the upper 1 km of basement than would be expected if the hole was drilled into a system having randomly distributed fractures [Newmark et al., 1985a, b] . There also appeared to be vertical cyclicity in fracture density on a scale of 10 -100 m that tracked variations in conventional geophysical logs. The dominance of subhorizontal fractures and the apparent cyclicity of fracturing continues into the sheeted dikes, although fracture spacing increases with depth Morin et al., 1989] .
Borehole televiewer logs in MAR flank Hole 395A exposed borehole enlargements and washouts that correlated with lithologically identified breccia zones and the boundaries between pillow and flow units [Hickman et al., 1984b] . Additional televiewer data confirmed this correlation, but high logging speeds through upper basement made quantitative analysis of fracture orientation and distribution difficult [Morin et al., 1992b] .
The formation microscanner provides a microresistivity image of the borehole wall using overlapping arrays of pad-mounted electrodes that are pressed against the formation. FMS images of Hole 504B were collected during ODP Leg 148 and quantitatively analyzed to determine fracture orientation and distribution Pezard et al., 1996] . Analysis of 4500 fracture planes within the deepest 200 m of Hole 504B indicated a dominance of vertical fractures and clustering of both horizontal and vertical fracturing within discrete intervals . Pezard et al. [1997] analyzed 34,500 fracture planes throughout basement in Hole 504B, noting one zone of highly concentrated fractures within the pillow lavas and breccias of the extrusive basalts, and another zone at the transition between extrusive in intrusive forms.
There have been few detailed studies of rock structure at the hand-sample scale within the basaltic oceanic crust using cores recovered from DSDP and ODP drill holes [e.g., Choukroune, 1980; Agar, 1994] and only one study that attempted to quantify basement permeability from analysis of fractures in cores [Johnson, 1980b] . The lack of such studies reflects difficulties in working with seafloor cores from upper basement, including low and often biased core recovery, and the difficulty of placing data from an individual hole within a broader geological context. Johnson [1980b] attempted a quantitative analysis of DSDP core fractures using samples recovered from Hole 418A, documenting fracture depth, width, orientation (relative to horizontal), and fracture-filling material. Crack frequency was found to be extremely variable and to correlate well with lithological classification: cracks were most common within restricted regions identified as breccia zones. Permeability was estimated from crack width and spacing using a parallel plate model to average 10 Ϫ8 m 2 , and to be as great as 10 Ϫ6 m 2 within isolated intervals separated by regions of much lower permeability. These values must be gross overestimates of true formation permeability, even before many of the cracks were filled, as effective crack apertures and the extent of lateral continuity are likely to be much lower than has been assumed, and probably not all cracks were open at the same time. The difficulty in converting fracture analyses to quantitative permeabilities is illustrated through a consideration of sites where both borehole fracture imaging and packer measurements have been completed. Pezard et al. [1996] identified thousands of fractures in the sheeted dikes surrounding Hole 504B, yet formation bulk permeability within the same interval is apparently of the order of 10 Ϫ18 to 10 Ϫ16 m 2 [Anderson et al., 1985b, c; Becker, , 1996 . This difficulty is not unique to the upper oceanic crust; measurements within metamorphic rocks at 2 km depth in the Cajon Pass well along the San Andreas fault also identified numerous fractures [Barton and Moos, 1988] within a zone having a bulk permeability of the order of 10 Ϫ18 m 2 [Coyle and Zoback, 1988] .
Seafloor Heat Flow Measurements
The distribution of seafloor heat flow values is related to upper crustal permeability, as the combination of high crustal permeability, fluid heat capacity, and heating from below leads to significant heat advection through the seafloor. Understanding advective interpretations of heat flow requires a brief review of conductive heat flow and common causes of seafloor thermal anomalies. This approach is most widely applicable on ridge flanks, as it was not possible until recently to measure conductive heat flow through exposed basalt [Johnson and Hutnak, 1996] . Heat flow patterns have been mapped in detail at the ridge crest only at sedimented spreading centers [e.g., Lonsdale and Becker, 1985; Davis and Villinger, 1992; Davis and Becker, 1994b] and on single hydrothermal mounds [e.g., Becker et al., 1996] .
Seafloor heat flow is considered to be anomalous when it deviates from a conductive lithospheric cooling reference [e.g., Parker and Oldenberg, 1973; Davis and Lister, 1974; Parsons and Sclater, 1977] . Where basement is flat, the sediment layer has uniform thickness, and thermal transport is purely conductive, seafloor heat flow should vary only with heat input at the base of the crust (Figure 3a) . If the seafloor is well sedimented and flat, but there is significant basement relief below the sediment layer, heat flow may be higher over basement ridges because the greater thermal conductivity of basalt relative to shallow sediments (usually about 1.5Ϻ1 to 2.0Ϻ1) will channel heat (Figure 3b ). If there is seafloor relief with a uniform sediment layer draped over basement topography, thermal refraction will decrease heat flow over basement and seafloor ridges and increase heat flow over troughs [Birch, 1967; Lee, 1991] . The relative magnitudes of conductive focusing versus conductive refraction will depend on the size of the thermal conductivity contrast, the amplitude and wavelength of relief, and sediment thickness and variability. Given typical abyssal hill relief of several hundred meters and the relatively modest contrast between the thermal conductivity of sediment and upper basement, seafloor refraction will often overwhelm conductive focusing, making conductive heat flow lower over local seafloor highs, even if sediment thins slightly over basement ridges (Figure 3c ).
Conductive anomalies may be overshadowed by advective effects, which reflect crustal hydrogeological properties. Ridge flanks host hydrothermal circulation responsible for most of the advective heat loss from oceanic crust [Sclater et al., 1980; Stein and Stein, 1994] , as well as significant chemical exchange [Mottl and Wheat, 1994; Kadko et al., 1995; Elderfield and Schultz, 1996] . Even where sediment cover appears to be continuous, advective or nonhomogeneous conditions in basement may cause local heat flow anomalies [e.g., Sclater et al., 1976] ; in fact, many ridge flank measurements judged previously to be "most reliable" on the basis of local sediment thickness and continuity actually may be no more reliable than those made in areas of incomplete sediment cover [Stein and Stein, 1994] .
Fluids flowing laterally through basement can remove much of the heat conducted from the base of the lithosphere before it reaches the seafloor (Figure 3d ). This advected heat must leave the crust somewhere, perhaps at a basement exposure or through permeable conduits such as faults. Seafloor heat flow over crust through which heat is being laterally advected may be suppressed relative to the conductive reference, and there may be a subtle "downstream" increase in heat flow, depending on the flow rate in basement, depth of flow, and other conditions. Advective heat loss at a lateral scale of kilometers apparently occurs along lightly sedimented areas and isolated sediment ponds on the north flank of the Galapagos Spreading Center and on the west flank of the MAR [Langseth et al., , 1992 . The same process apparently occurs at a greater lateral scale on the east flank of the Juan de Fuca Ridge [Davis et al., 1992a; Fisher et al., 1996; Shipboard Scientific Party, 1997] , in the Brazil Basin west of the MAR [Langseth and Herman, 1981] , in the Guatemala Basin [Abbott et al., 1984] , and on the west and east flanks of the East Pacific Rise (EPR) [Sclater et al., 1976; Baker et al., 1991; Langseth and Silver, 1996] .
Hydrothermal circulation in basement can also redistribute seafloor heat flow without resulting in a regional loss of measurable heat, as documented over oceanic crust having a range of ages [e.g., Anderson et al., 1977 Anderson et al., , 1979 Embley et al., 1983; Langseth et al., 1988; Noel and Hounslow, 1988] . If fluid circulation is sufficiently vigorous, upper basement may become thermally homogenized [e.g., Davis et al., 1989; Fisher et al., 1990; Shipboard Scientific Party, 1997] , resulting in heat flow values that are higher over basement ridges and lower over basement troughs (Figure 3e ). In this case, the net regional heat flux will match the lithospheric reference, but conductive seafloor heat flow will be locally elevated or depressed.
Another form of off-axis hydrothermal circulation is essentially a mixture of the last two types, combining local convection in basement and advective loss of heat to the overlying ocean (Figure 3f ). This form of hydrothermal circulation is most common over young oceanic crust [e.g., Lister, 1970; Anderson et al., 1977; Davis et al., 1992a] but may continue out to greater age if permeability is sufficiently high. This form of hydrothermal circulation may result in both regional suppression of seafloor heat flow below that expected based on crustal age, and local heat flow anomalies reflecting the extent of basement thermal homogenization, basement relief, sediment thickness, and the presence of fluid venting or recharge sites. These last two forms of hydrothermal circulation (Figures 3e and 3f ) have been called "cellular convection" because of the hypothesized shape of the fluid convection cells [e.g., Lister, 1972; Davis et al., 1992a] , although in the present discussion no particular flow geometry is assumed. Cellular convection appears to occur commonly in oceanic basement, on the basis of a review of data from many older surveys, although navigational uncertainties and widely spaced measurements made it difficult to interpret these correlations with confidence [Fisher and Becker, 1995] . Some thermal homogenization of upper basement is required to explain many of these observations, as thermal refraction would otherwise lead to the opposite correlation between seafloor relief and heat flow (Figure 3c) , and the magnitude of many heat flow anomalies is too great to be explained by conductive focusing alone ( Figure 3b) .
As is clear from this brief overview, distinct conductive and advective processes can lead to similar deviations in seafloor heat flow. The first heat flow studies along ridge flanks that included relatively closely spaced measurements arranged along orderly transects identified distinct regions of higher and lower heat flow [e.g., Lister, 1972; , often forming elongate patches parallel or subparallel to the ridge crest, with a cross-strike wavelength of one to several kilometers. These observations led to an inferred wavelength of hydrothermal circulation cells in the upper crust, with regions of higher heat flow indicative of rising fluids. The Rayleigh number Ra was used to relate the onset of convection in particular areas to equivalent porous-medium permeability:
where ␣ is fluid expansivity, k is permeability (isotropic and homogeneous), H is the thickness of the porous medium, ⌬T is the difference in fixed temperature boundary conditions at the top and bottom of the permeable layer, is kinematic viscosity, and m is the thermal diffusivity of the fluid-saturated porous medium. The Rayleigh number is a measure of the tendency of fluid within a porous system to convect as a result of buoyancy forces, when advection will be more efficient than conduction in transporting heat vertically from the bottom to the top boundary. Convection will occur when a critical Rayleigh number is exceeded, typically a value of about 40 (4 2 ) for fixed-temperature boundary conditions [Lapwood, 1948; Nield, 1968] . The convection cells formed as a result of Rayleigh instability within an isotropic, homogeneous, porous medium tend to have a low aspect ratio (width to height), as confirmed by Hele-Shaw cell experiments [e.g., Hartline and Lister, 1981] . A common application of (3) to seafloor hydrothermal systems has been to assign reasonable values for all parameters except permeability on the right-hand side, assume that permeability is isotropic and homogeneous, and calculate the permeability required to initiate Rayleigh instability.
Since porous media models suggested that homogeneous, isotropic systems tend to host thermal convection cells with low aspect ratios, the apparent spacing of several kilometers of seafloor heat flow anomalies suggested a depth of penetration on a similar scale, constraining the apparent permeability of the upper several kilometers of oceanic crust Ander-son and Hobart, 1976; Anderson et al., 1977; Cathles, 1990] . Similar reasoning has been applied to shorterwavelength variations in seafloor heat flow [Davis et al., 1992a Snelgrove and Forster, 1996] . The resulting conceptual models of ridge crest and ridge flank hydrothermal circulation were consistent with the first direct measurements of upper crustal permeability (bulk values of 10 Ϫ13 to 10 Ϫ14 m 2 ) but inconsistent with many subsequent measurements made below the upper few hundred meters of basement (bulk values below 10 Ϫ16 m 2 ) [e.g., Hickman et al., 1984a; Anderson et al., 1985b, c; Becker, 1990b] .
The idea that hydrothermal circulation penetrates to several kilometers at the ridge crest is supported by geological and geochemical evidence from ophiolites [e.g., Gregory and Taylor, 1981; Nehlig and Juteau, 1988a, b] , the need for a thin boundary layer above a magma chamber to supply sufficient heat to support ridge crest vents [Lister, 1974; Cann and Strens, 1982] and the presence of a seismic reflector at many spreading centers thought to represent the top of a magma chamber [e.g., Detrick et al., 1987; Calvert, 1995] , and geobarometry of hydrothermal vent fluids [Campbell et al., 1988] and fluid inclusions [Vanko, 1988] . While the evidence is compelling for high-temperature ridge crest hydrothermal systems, the depth extent of ridge flank hydrothermal flow is not well constrained by observations. Lister [1974, 1980] noted the difficulty in using seafloor heat flow values to infer the depth extent or magnitude of permeability within the oceanic crust, and others have expressed similar concerns [e.g., Fisher et al., 1990; Fisher and Becker, 1995; ]. Yet the idea that the lateral scale of seafloor heat flow variations provides some indication as to the depth of circulation remains strongly rooted in conceptual models of how these systems behave [e.g., Davis et al., 1980 Fehn et al., 1983; Cathles, 1990 Cathles, , 1993 .
While large-scale lateral convection ( Figure 3d ) and cellular convection (Figures 3e and 3f ) modify the thermal structure of the uppermost crust, deep convection is not required unless one assumes that circulation cells have a low aspect ratio. For example, Davis et al. [1992a initially suggested that fluid convects in low-aspect-ratio cells in 1 Ma crust along an east Juan de Fuca flank profile, within an isotropic, permeable layer 600 m thick. Shallow basement reflectors subparallel to seafloor heat flow anomalies were subsequently recognized in multichannel seismic data from the site, suggesting the possibility of a permeability-controlled circulation geometry in upper basement . Consideration of the total conductive heat loss from 1 Ma oceanic crust along this profile also seems to require a component of large-scale lateral flow (e.g., Figure 3d ), as seafloor heat flow is well below that expected on the basis of crustal age [Fisher and Becker, 1995] despite being tens of kilometers from the nearest known basalt outcrops that might allow entry of cold seawater and exit of warmed fluids [Davis et al., 1992a ]. [1981] used an idealized heatexchange model to estimate lateral specific discharge within the upper igneous crust of 1-2 ϫ 10 Ϫ8 m s Ϫ1 in the Brazil Basin, and noted that measured permeabilities in uppermost Hole 504B were consistent with this flow rate and a lateral pressure gradient of 0.05-0.5 MPa km Ϫ1 . Langseth et al. [1984] estimated equivalent porous-medium permeability of about 10 Ϫ13 m 2 for the upper 300 m of basement below a sediment pond west of the MAR, using a lateral-flow analytical model and measured seafloor heat flow values 70 -90% below that predicted for conductively cooling crust. Baker et al.
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[1991] applied a larger-scale lateral-flow model (originally introduced by Langseth and Herman [1981] ) to calculate the apparent permeability in basement within the west flank of the EPR, estimating values of 10 Ϫ10 to 10 Ϫ12 m 2 over lateral distances of 200 -20 km, respectively. Application of the same model along a 75-km transect across the Guatemala Basin would result in similarly high permeabilities, as heat flow is 50 -90% below that predicted by lithospheric cooling models [Abbott et al., 1984] .
Heat flow highs at ridge flank sites are often associated with normal faults on the margins of abyssal hills [e.g., Lister, 1972; Williams et al., , 1979 Green et al., 1981; Johnson et al., 1993] . This observation suggests that faults may act as conduits or barriers to flow within the upper oceanic crust (as do geological observations at ridge crests) but the significance of faults in channeling large-scale circulation is unclear. For example, a recent multichannel seismic survey around DSDP Site 504 indicated that many normal faults in basement penetrate the seafloor [Kent et al., 1996] ; these faults cannot be major conduits for fluid flow through the sediments, since there is no regionally "missing" heat flow, but the faults could be hydrologically important within basement. Since faults are often associated with seafloor abyssal topography [Macdonald et al., 1996] , determining their role relative to that of basement relief in directing fluid flow is difficult. However, subvertical faults in the upper oceanic crust cannot be responsible for transporting significant quantities of fluid and heat laterally across strike unless the faults rotate at depth or otherwise connect intervals of high subhorizontal permeability.
Borehole heat flow values at depth in Hole 504B also may reflect upper crustal permeability, although such an interpretation is speculative. Heat flow within the deepest kilometer of the hole has repeatedly been determined to be about 120 mW m Ϫ2 , 40% lower than the 200 mW m Ϫ2 measured within the sediment section in nearby Hole 504C [Becker et al., 1983a] and predicted by conventional lithospheric cooling models for 5.9 Ma crust [e.g., Parsons and Sclater, 1977] . This reduction in heat flow with depth is difficult to explain because the mean value at the seafloor is close to the predicted lithospheric value [Langseth et al., 1988; Fisher et al., 1990] , so that there can be no net advective heat loss regionally. Gable et al. [1989] and Fisher and Becker [1991] discussed the possibility of borehole convection contributing to the apparent reduction in heat flow with depth, while Guerin et al. [1996] described an alternative explanation: regional conductive heat flow of 120 mW m Ϫ2 and lateral fluid flow along a listric normal fault located about 525 m into basement [Agar, 1991; Pezard et al., 1997] , at the top of the transition zone between extrusive and intrusive basalts. A two-dimensional numerical model of coupled heat and fluid flow provided a good match to the thermal data measured deep in Hole 504B when fault zone permeability is about 10 Ϫ15 m 2 (significantly greater than that measured by Anderson et al. [1985b, c] , but close to the upper end of the range reinterpreted by Becker [1996] from the same packer measurements; see Table 1 ), but a large lateral pressure gradient of unknown origin is required to drive sufficient fluid flow, as is a separate flow system capable of maintaining much higher heat flow at the seafloor. In summary, heat flow data provide useful constraints on fluid circulation parameters (depth, fluid velocity, temperature, driving forces, permeability, etc.), but quantitative interpretations require assumptions regarding the geometry and distribution of flow. Measurements of seafloor heat flow indicating nonconductive conditions within upper basement (Figures 3d to 3f ) require that there be fluid circulation, and thus significant permeability, but seafloor thermal data do not constrain the depth of circulation or the hydrologic properties of the upper crust, except where remaining parameters are independently estimated.
Hydrothermal Circulation Models
The use of hydrothermal circulation models of the upper oceanic crust to estimate permeability (magnitude and depth extent) is described in this section, with discussion of selected models and a listing of quantitative inferences in Table 2 . In addition to estimating permeability values for the upper oceanic crust, these models provide insight as to the form and origin of permeability. This review is divided into ridge crest and ridge flank models. Hydrothermal circulation models also fall into two general methodological groups : porous/fractured media and fracture loop. In the former, the large-scale properties of the upper oceanic crust are represented through use of the REV concept described earlier, Darcy's law is assumed to apply, and zones containing fractures are represented through localized increases in porosity and permeability. Fluid and rock conditions within the porous-flow system are generally assumed to be at equilibrium within individual subdomains (mesh cells or elements). While it is not strictly possible to verify complex numerical results [e.g., Oreskes et al., 1994] , model output can be examined for consistency with independent observations (other than those used to construct the model).
In fracture loop models, the flow path is considered to be an open channel, and interactions with the surrounding rock occur across the wall of the channel, more readily incorporating nonequilibrium conditions between the fluid and rock. Fracture loop models are generally single pass, with seawater entering at the seafloor, exchanging heat and solutes with the surrounding formation at depth, and then venting into the ocean. Some fracture loop models include distinct upflow and downflow channels [e.g., Bodvarsson and Lowell, 1972; Lowell, 1975] while others incorporated flow longitudinally along a single channel [e.g., Strens and Cann, 1982] .
3.5.1. Models of ridge crest circulation. Modeling ridge crest hydrothermal circulation is considerably more difficult than modeling ridge flank circulation. Ridge crest vent temperatures may exceed 350ЊC [Von Damm, 1995] , and hydrologic properties may change on short timescales [Baker et al., 1989; Lowell and Germanovich, 1995] , while ridge flank systems include much lower temperatures and conditions that change more slowly and are less spatially variable [Mottl and Wheat, 1994] . In addition, some high-temperature hydrothermal fluids undergo phase separation during flow [e.g., Butterfield et al., 1990 Butterfield et al., , 1994 , greatly complicating the physics that must be simulated [e.g., Rosebauer, 1984, 1989] . There are no direct measurements of crustal permeability at normal ridge crests, and much of the permeability within these systems is probably dominated by fractures. Fluids within high-temperature vent systems probably flow turbulently, at least within parts of upflow zones, creating additional difficulties in modeling. Diffuse flow may dominate some hydrothermal fluxes at ridge crests [Schultz et al., 1992; Rona and Trivett, 1992; Ginster et al., 1994] , but the geometries of distinct convection systems are poorly understood. Fortunately, these difficulties have not discouraged several generations of modelers from attempting to simulate ridge crest hydrothermal circulation, and the results of these models provide numerous estimates of hydrologic properties within upper oceanic basement.
Pioneering analytical models of Lister [1972, 1974] were essentially one dimensional and weakly coupled, as fluid flow and heat flow components were considered separately within a single conceptual model that included stress state, crack propagation, and transient magmatic input and heat loss. Inferences regarding permeability were assumed to apply broadly to ridge crests and flanks. Lister [1972] initially assumed crustal permeability of 10 Ϫ16 m 2 extending to depths as great as 7 km, although he recognized the potential importance of lateral variability in permeability, seafloor topography, and the presence of a low-permeability sediment layer in guiding fluid circulation. Permeabilities as great as 10 Ϫ14 m 2 for the upper several kilometers of crust were also considered [Lister, 1972 [Lister, , 1974 , with the assumed depth of fluid penetration based mainly on microseismic observations associated with geothermal activity in Iceland and observations of products of hydration reactions within the gabbroic and deeper sections of ophiolites [Lister, 1974] . Lister [1974 Lister [ , 1977 Lister [ , 1980 developed a theoretical basis for the establishment of relatively high permeability in the upper oceanic crust: the formation and migration of a cracking front as cold ocean water circulated into much warmer rock. Lister [1974] suggested that vertical permeability would be twice as great as horizontal permeability, given the expected distribution and orientation of cracks, and proposed that permeability would vary with time, falling by a factor as great as 10 4 because of fatigue failure or thermal stresses. Bodvarsson and Lowell [1972] and Lowell [1975] examined the dependence on crack width of venting temperature and duration. Lowell [1975] modeled viscous flow in a flat, rectangular channel and noted that expected flow rates were extremely sensitive to fracture widths, with turbulent flow for fracture widths Ͼ1 cm but widths of 3 mm considered to be more typical. Fractures of varying widths and depths distributed throughout the upper crust were hypothesized to explain observed seafloor variability in heat flow. Lowell and Rona [1985] constructed a series of fracture loop models to examine how the nature of crustal heat sources and permeability might influence the formation of sulfide deposits within upper basement. The necessary heat could be extracted through the thin lid of a replenished magma chamber if permeability within a 1-km-thick reaction zone is about 10 Ϫ15 m 2 , with permeability in the crustal upflow zone being 10 Ϫ13 m 2 . Permeability within the reaction zone would be considerably greater if the reaction zone is thinner [Lowell and Rona, 1985] . Cann [1982, 1986] considered fluid upflow and downflow within a single fracture along strike of the ridge crest. Strens and Cann [1982] restricted the discharge from their fracture loop systems to pass through a small number of thin "pipes" in order to generate realistically high temperatures at the seafloor. These models did not explicitly include rock permeability, as flow was restricted to individual open fractures, but flow was required to extend to 500 -1000 m below the seafloor to tap sufficient heat from an axial magma chamber. Strens and Cann [1986] compared the efficiency of a 40-cm-wide fracture and a porous medium having a cross-sectional width of 2 km, and noted that a porous medium would need to have a permeability of about 10 Ϫ8 m 2 to allow the same mass flux, given conditions appropriate for a black smoker hydrothermal vent. Cann et al. [1985] conducted additional studies of sulfide formation at a mid-ocean ridge environment, modeling flow channels as open pipes containing turbulent flow to a depth of 1.5-2.0 km. Cann and Strens [1989] explored the causes of megaplume events along mid-ocean ridges, with a lowpermeability recharge zone and a more restricted, highpermeability discharge zone connected through a reaction zone at depth. The authors envisioned a complex pore and crack structure within the seafloor, including turbulent flow within open channels, clogging of cracks through hydrothermal precipitation, and the transient formation of a low-permeability cap within the seafloor discharge zone. A sudden increase in discharge permeability would result from crustal extension and/or hydrofracturing following an abrupt increase in fluid pressure above hydrostatic, as has been observed in terrestrial hydrothermal systems [e.g., Fournier, 1991] . A model simulating the formation of a megaplume event included recharge permeabilities of 10 Ϫ13 to 10 Ϫ11 m 2 , with values of at least 10 Ϫ12 m 2 apparently required to allow sufficient fluid flow.
In contrast, Cathles [1993] argued that a low-permeability cap and high recharge permeabilities are not needed to generate megaplumes. These models included circulation to the base of the crust (ϳ7 km) and a similar circulation width. Upflow to hydrothermal vents occurred within a thin zone along the edge of a large magmatic intrusion (a 5-km-high cylinder of 2-km radius) at the ridge axis. Consideration of the heat output of a megaplume event and the geometry of the upflow zone then required that upflow permeability need be only about 3 ϫ 10 Ϫ14 m 2 , provided that recharge permeability is no less than 10 Ϫ16 m 2 [Cathles, 1993] . Lowell and Germanovich [1995] explored the implications of dike injection at spreading centers for upper crustal permeability and the formation of megaplumes with a fracture loop model applicable to either alongstrike or across-strike, single-pass circulation. The model did not require penetration of a previously impermeable cap or previously existing hydrothermal activity at the megaplume site, but it did require that initial permeability within the hydrothermal recharge zone be Ն10 Ϫ12 m 2 . An effective permeability for the upflow zone, based on application of the cubic rule for an equivalent porous medium, was calculated to be about 10 Ϫ9 m 2 . Such high permeabilities would be unusual and could explain why megaplumes do not always accompany dike injection, even where there is preexisting black-smoker venting. In addition, cracks would take years to seal through deposition of silica [Lowell et al., 1993; Lowell and Germanovich, 1995] , preventing the immediate continuation of black smoker venting following megaplume discharge. Wilcock [1997] suggested that an abrupt increase in upflow permeability, to 10 Ϫ9 to 10 Ϫ10 m 2 , as well as high permeability within a reaction zone reservoir at depth, could result in a massive transient plume following fluid decompression. Wilcock and McNabb [1996] used an analytical model for fluid flow at a ridge crest to estimate the large-scale permeability of the upper igneous crust, with the Endeavor segment of the Juan de Fuca Ridge providing observational constraints. High-temperature venting was considered in terms of the loss of fluid from crust at depth that must be recharged from the surface. Seafloor vent clusters were thus envisioned as overlying point sinks for mass at depth, and the resulting pressure gradients and fluid flow necessary to replace this loss constrained a range for effective permeability, 6 ϫ 10 Ϫ13 to 6 ϫ 10 Ϫ12 m 2 for a homogeneous, isotropic upper crust. Additional calculations based on an anisotropic model (with greater permeability along strike than across strike) yield similar values for along-strike permeability and values of 3 ϫ 10 Ϫ14 to 2 ϫ 10 Ϫ12 m 2 for across-strike permeability. Ribando et al. [1976] noted that the observations of close to the Galapagos Spreading Center were consistent with the concept of two-dimensional cellular convection within the oceanic crust, and attempted to simulate the observed variability in seafloor heat flow using a range of possible boundary conditions and permeability distributions within a two-dimensional, porous-media model. The apparent wavelength of the heat flow highs and lows (7 km) was used to infer the depth of penetration of the circulation cells, 3.5 km in the case of constant permeability, and greater depth of penetration in the case of exponentially decreasing permeability. Isotropic permeability was estimated to be of the order of 4.5 ϫ 10 Ϫ16 m 2 and was considered to represent a fractured medium having crack widths of 0.05 mm and crack spacing of 1-10 m [Ribando et al., 1976] .
The two-dimensional models of Fehn and Cathles [1979, 1986] , Fehn et al. [1983] and Fehn [1986] included a heat flow contribution from the spreading center as well as heating from below the crust. Initial simulations represented a system 5-10 km thick with a uniform permeability of 2.5-5.0 ϫ 10 Ϫ16 m 2 , as well as a permeability distribution that decreased exponentially with depth from 2.5 ϫ 10 Ϫ15 m 2 at the surface. Fehn and Cathles [1979] also introduced a vertically oriented 500-m-wide zone of relatively high permeability to explore the possible influence of fractures or "shear zones" and found that such permeability enhancements were necessary to produce seafloor regions having large negative heat flow anomalies. The tendency of these more permeable zones to concentrate fluid flow, upward or downward, depended on the location of the zones relative to kilometer-scale convection cells. The Fehn et al. [1983] models were completed following the first in-situ measurements of bulk permeability in DSDP Hole 504B [Anderson and Zoback, 1982] , and it was recognized that there was a discrepancy between the magnitudes of inferred "crustal scale" permeabilities (ϳ10 Ϫ15 m 2 ) used in many numerical models and measured values 5-50 times greater measured within the shallowest basaltic crust. The difference was attributed to the measurements being in the shallowest crust. Rosenberg et al. [1993] modeled ridge crest hydrothermal circulation within horizontally and vertically layered systems and suggested that the imposition of a more permeable layer overlying a less permeable layer may cause focusing of discharge without a narrow zone of elevated permeability near the seafloor. The models did not include venting at the seafloor through orifices tens of centimeters across, however, so it is not clear that self-organization can account for this frequently observed manifestation of high-temperature flow. Travis et al. [1991] completed some of the first three-dimensional models of ridge-crest hydrothermal circulation, including isotropic permeability within thick layers of basalt, gabbro, and upper mantle. Basaltic pillows, flows, and dikes were represented by a single layer, 1.5 km thick, with effective permeability of 10 Ϫ15 m 2 . Regions of upwelling and high heat flow were relatively restricted, and transient effects following intrusion at the ridge crest were also simulated.
Several ridge crest models included aspects of transient permeability development such as precipitation of mineral phases that clog cracks [Wells and Ghiorso, 1991] , thermal stresses associated with hydrothermal cooling [Lister, 1974; Lowell, 1990; Germanovich and Lowell, 1992] , or both Lowell et al., 1993] . Wells and Ghiorso [1991] incorporated porosity changes in fluid upflow zones due to silica precipitation, with permeability calculated using an empirical relation developed for porous media, and calculated that hydrothermal flows may be limited by low permeability on a decadal scale. Lowell and Germanovich [1994] demonstrated that high-temperature venting could not be sustained on decadal timescales unless heat was supplied at the base at a rate equal to the hydrothermal extraction rate, or a permeable cracking front penetrated to greater depth with time, as precipitation of hydrothermal silica would clog open fractures and pores. Coupled models are intriguing and have been applied extensively to continental systems [e.g., Lichtner, 1985; Ortoleva et al., 1987] . More work will be required to demonstrate understanding of both positive and negative feedback mechanisms influencing seafloor hydrothermal systems and to constrain reaction kinetics, crustal stress and strain rates, and the distribution of basement permeability. Fehn and Cathles [1986] and Fehn et al. [1983] studies also included ridge flanks, and permeability was assumed to remain constant or to decrease exponentially with depth. Fehn and Cathles [1986] suggested that smooth lateral variations in seafloor heat flow on ridge flanks could not be explained by large-scale convection that was controlled by a heterogeneous permeability distribution. Fehn and Cathles [1986] also tested exponentially decreasing permeability distributions and found that significant fluid flow penetrated to depths having permeability Ն10 Ϫ15 m 2 . These models contained additional features consistent with geochemical and geological observations in boreholes and ophiolites, including the formation of distinct primary and secondary convection systems, the transport of ridge flank convection cells with the spreading crust, and across-strike seafloor heat flow anomalies. Williams et al. [1986] conducted a radial, two-dimensional study of ridge flank convection near DSDP/ODP Hole 504B and demonstrated that the observed decrease with time of fluid flow into the hole could be explained by a transient loss in fluid underpressuring in basement. These models included a thick sediment layer having extremely low permeability overlying 1 km of basalt, with permeabilities in basement being greater than 2 ϫ 10 Ϫ15 m 2 only within the upper 100 m. Fisher et al. [1990] conducted two-dimensional simulations of the Site 504 region using models having significant permeability within only the upper few hundred meters of basement. These models included idealized seafloor and basement relief and differential sediment thickness, with thinner sediments draped over basement ridges. Observations successfully simulated included basement differential pressures, heat flow highs over basement ridges, and vertical and lateral fluid flow within overlying sediments. The original models also included localized heat flow highs over seafloor troughs, in contrast with many observations, but these were attributed to numerical inefficiencies resulting from a rectilinear representation of the upper oceanic crust [Fisher et al., 1990] .
Models of ridge flank circulation. The
Localized heat flow highs over basement troughs were eliminated through the use of curvilinear elements that allowed more efficient lateral heat and fluid transport and through additional concentration of permeability within one or more thin zones. The geometric mean permeability within the upper 100 m of basement was 10 Ϫ13 m 2 , in agreement with packer and borehole temperature measurements (Plate 1), but most of the permeability was concentrated within thin layers of upper basement [Fisher et al., 1994; Fisher and Becker, 1995] . The effect of including these thin, very permeable zones, represented in the models by elongated, curvilinear elements, was to impose extreme lateral anisotropy in upper crustal permeability. Perhaps the most important conclusion drawn from these studies was that significant permeability was not required at depths greater than those measured during packer experiments in order to allow chemically and thermally significant fluid flow within the uppermost crust, provided that sufficient permeability concentration and anisotropy allowed for efficient lateral transport.
These simulations also suggested that basement relief could strongly influence the pattern and intensity of hydrothermal convection [e.g., Lister, 1972] , as well as seafloor heat flow. Lowell [1980] and Hartline and Lister [1981] showed that the influence of basement topography should not extend to depths much greater than the amplitude of relief, interpretations consistent with the shallow circulation models of Fisher et al. [1990 Fisher et al. [ , 1994 and Fisher and Becker [1995] . Basement relief of a few hundred meters would be much less important to flow geometries if free convection extended 1 km or more below the top of an isotropic basement. Rosenberg and Spera [1990] and Rosenberg et al. [1993] examined the importance of anisotropy and permeability distribution on ridge flank hydrothermal circulation, with horizontal transport in a shallow layer enhanced by horizontal anisotropy (k x /k z ) values as large as 10. Permeability anisotropy was intended to reflect pervasive horizontal fracturing within the shallowest basement as well as vertically oriented structure associated with diking in deeper basalt [Rosenberg and Spera, 1990] . Greater anisotropy tended to reduce the number of convection cells, while the absolute magnitude of permeability controlled the depth extent of significant flow. and Snelgrove and Forster [1996] completed simulations of hydrothermal circulation within young crust on the east flank of Juan de Fuca ridge. The most permeable upper basement layer in their simulations was flat-lying and 600 m thick, based on the calculated depth of a seismic reflector and the expectation that low-aspect-ratio convection cells within an isotropic porous medium would explain seafloor heat flow variations. found that an upper crustal permeability of either 3 ϫ 10 Ϫ14 or 2 ϫ 10 Ϫ12 m 2 provided the appropriate thermal homogenization of upper basement, with the higher value being favored. Fisher and Becker [1995] suggested that the same seafloor heat flow pattern could be explained by hydrothermal convection within a thin layer in the upper crust, with small-scale basement or aquifer topography influencing the pattern of flow. Snelgrove and Forster [1996] assumed porous medium permeability of 10 Ϫ13 m 2 within the upper 600 m of basalt and completed a detailed parametric study of the importance of sediment permeability on the form and thermal effect of circulation within basement. Davis et al. [1997b] conducted additional simulations of ridge flank hydrothermal circulation in a parametric study of the thickness and permeability of the basement aquifer and the importance of basement relief beneath a flat seafloor. These analyses suggested that very high crustal permeabilities may be required to allow thermal homogenization at the sediment-basement interface as well as the generation of fluid overpressures within basement ridges. The porous-medium permeabilities required to match inferred thermal conditions were Ն10 Ϫ9 m 2 for a 60-m-thick permeable zone and Ն10 Ϫ11 m 2 for a 600-m-thick permeable zone. Equivalent permeability values for upper basement were estimated using a highconductivity proxy to simulate thermally efficient convection, as steady state simulations with very high permeabilities proved to be unstable. The Davis et al.
[1997b] models required extremely vigorous, chaotic convection to homogenize basement temperatures, while chaotic conditions were not required within the thin layers modeled by Fisher et al. [1994] and Fisher and Becker [1995] . Wang et al. [1997] completed additional parametric studies of basement topography, aquifer thickness, and permeability in the upper oceanic crust, noting that the direction of flow within basement depended on a combination of crustal parameters and initial conditions. Unstable convection was likely to develop at Rayleigh numbers greater than 10 times the critical value. The possibility of unstable convection within an isotropic porous medium heated from below has been recognized for some time [e.g., Horne and O'Sullivan, 1974] , but its occurrence in the upper oceanic crust remains to be confirmed. Yang et al. [1996] modeled the east flank of Juan de Fuca ridge as well but incorporated vertical and horizontal fractures into a porous-medium model of coupled heat and fluid flow, suggesting that the representations of permeability in the models of Fisher and Becker [1995] and were geologically unjustified. Primary models included background permeabilities of about 5 ϫ 10 Ϫ14 m 2 and 10 Ϫ16 m 2 for the upper two layers of basement (each 100 m thick), and randomly distributed horizontal and vertical fractures having an aperture of 0.22 mm. Each fracture was simulated as a discrete layer or column having local permeability of 4 ϫ 10 Ϫ9 m 2 using an equivalent-permeability relationship. Since fracture spacing was allowed to be no closer than 10 m, the overall equivalent porous-medium permeability of the fractured layers was no greater than 9 ϫ 10 Ϫ14 m 2 and was lower where fractures were more widely spaced. No specific geological mechanisms or observations constrained the number or distribution of fractures in these simulations, but the resulting seafloor heat flow pattern did match the amplitude and wavelength of observations without including basement relief, differential sediment thickness, or a thick permeable zone. The subsequent presentation by of upper basement reflectors that are subparallel to seafloor heat flow patterns suggested that the distribution of basement permeability may influence flow geometry in this setting, but the Yang et al. [1996] models illustrate the potential importance of wide-scale fracturing in the upper crust.
Additional Geological, Geophysical, and Crustal Alteration Constraints
Seafloor crustal morphologies and the location of sulfide deposits, geophysical properties at ridge crests, bulk chemical compositions within ophiolites, and other aspects of ocean crustal geology have additional implications for the distribution of permeability within shallow basement, although much of the associated discussion is speculative and qualitative. It is difficult to quantify the results of these experiments and observations in terms of hydrogeology, but selected examples help to complete a picture of permeability formation and evolution within basaltic oceanic crust.
3.6.1. Geological studies. Although mapping of the global ridge system is far from complete, the typical spacing between hydrothermal vent sites appears to be inversely proportional to spreading rate . Faster spreading ridges presumably have greater overall magmatic and energy budgets, so vents would need to draw heat from a shorter lateral distance. Spreading rate and the dominance of tectonic versus magmatic forces may also influence the magnitude, directionality, and continuity of permeability with upper basement. One might expect more extensive vertical upper crustal permeability at a spreading ridge that is dominated by tectonic rather than magmatic processes; this idea is crudely consistent with a comparison of permeability estimates from Holes 395A and 504B (Table 1, Plate 1). More continuous lateral permeability would also accompany crust formed at a ridge crest dominated by frequent effusive flows [Fornari and Embley, 1995] .
The morphologies of massive sulfide deposits also seem to reflect the distribution of permeability within shallow basement [Hannington et al., 1995] . A 100-mdiameter network of channels below a sulfide mound at the Galapagos Rift may indicate the passage of reacted fluids through pervasively permeable pillow lava and hyaloclastite deposits [Embley et al., 1988] . This system appears to have been relatively open to mixing with seawater, as was the upper crust around the trans-Atlantic geotraverse (TAG) hydrothermal mound, where there is a wide range of vent temperatures [Humphris et al., 1996] . In contrast, tall sulfide structures along the Endeavour Segment of the Juan de Fuca Ridge tend to be narrower and to vent fluids at 350ЊC or more, suggesting that the deposits formed from fluids that rose from depth with little or no interaction with cold seawater Hannington et al., 1995] . Hightemperature sulfide deposits also seem to be generally larger at slower spreading ridges (compare TAG on the MAR or deposits in Middle Valley with numerous smaller deposits along the faster spreading EPR), suggesting that the longevity of hydrothermal sites may also be related to the stability of crustal permeability [Fornari and Embley, 1995; Wilcock and Delaney, 1996] .
Seafloor hydrothermal activity tends to cluster along structural trends, both at the ridge crest [e.g., Karson and Rona, 1990; Haymon et al., 1991; Embley and Chadwick, 1994; Wilcock and Delaney, 1996] and along some ridge flanks [Lonsdale, 1977; Green et al., 1981; Rona et al., 1990] . Intense alteration along the edges of fault blocks in western Troodos suggests that faults may focus hydrothermal solutions during subseafloor circulation [Varga and Moores, 1985] . Deep penetration of hydrothermal fluids at the ridge crest may also be enhanced along discrete, subvertical fractures. An alternative explanation is that widely distributed, high-temperature flow within the upper crust becomes concentrated to discharge through a small number of isolated conduits close to the seafloor [e.g., Goldfarb and Delaney, 1988] , but a mechanism capable of focusing flow to the necessary extent has not been identified.
Ridge-parallel alteration trends in the sheeted dike complexes of ophiolites suggest that permeability within this part of the upper crust may be concentrated along faults or fractures, with fluids entering the high-temperature system between magmatic centers, along strike of the ridge . This fluid would move along vertically oriented fractures and fracture networks and discharge at the seafloor above the regions of having the greatest heat input [e.g., Lowell, 1975; Wilcock and Delaney, 1996] . In contrast, the shallower parts of the upper crust would be more pervasively permeable but would be dominated by lower-temperature, lower velocity flows. Segregation between these two hydrothermal systems would result from an extreme contrast in permeability (dropping abruptly below the top of the sheeted dikes) as well as a difference in the form of permeability (horizontally layered versus concentrated along subvertical fractures). This conceptual model is consistent with limited direct measurements of bulk permeability in the upper kilometer of oceanic crust [e.g., Anderson and Zoback, 1982; Becker, 1990b Becker, , 1996 , although high permeability along fractures within the sheeted dikes has not been observed to date. If these fractures are vertical to subvertical and if they are distributed at the typical abyssal hill spacing of several kilometers, they might be difficult to locate, penetrate, and test using a vertical drill hole. Nehlig and Juteau [1988a, b] and Nehlig [1994] conducted fracture and vein analyses of the Samail ophiolite, including sheeted dikes and deeper parts of the crust, as the extrusive section is thin and discontinuous in this region. Mapping of fractures having apertures of Ն2 mm (often with a spacing of 10 cm of less) and application of the parallel plate model resulted in calculated permeabilities approaching 10 Ϫ8 m 2 in the upper sheeted dikes and 10 Ϫ10 m 2 in the lower sheeted dikes [Nehlig and Juteau, 1988a, b] . Nehlig [1994] subsequently suggested that permeabilities at the base of the sheeted dikes were lower (10 Ϫ11 to 10 Ϫ12 m 2 ) but strongly anisotropic and heterogeneous when these systems were most active. Nehlig and Juteau [1988a] suggested that permeability within the shallowest basaltic crust should be highly anisotropic, with higher horizontal permeabilities in the extrusives (reflecting the depositional character of pillow lavas and massive flows) and higher vertical and along-strike permeabilities in the sheeted dikes (reflecting the orientation of stresses and associated fracturing as the crust forms and ages). Van Everdingen [1995] similarly suggested that fracture permeability within the sheeted dikes of the Troodos ophiolite must have been highly anisotropic, but fracture distribution and orientation within the extrusive crust displayed no preferential fabric. Permeability within the sheeted dikes while the crust was on axis (assuming all cracks were open) was estimated to be 10 Ϫ12 to 10 Ϫ8 m 2 , while fractured rock containing calcite-filled veins was calculated to have an off-axis permeability of 10 Ϫ21 to 10 Ϫ18 m 2 [van Everdingen, 1995] .
Agar [1994] suggested that cooling fractures associated with primary crustal accretion may eventually help to nucleate faults within the basaltic oceanic crust. This would be consistent with the axial and off-axis formation of enhanced permeability within both extrusive and intrusive sections of the upper crust, but with distinctly different anisotropies: the extrusive section would tend to form subhorizontal brittle failure surfaces, while the intrusive dikes would tend to form subvertical arrays of fractures. Additional subhorizontal failure surfaces may be associated with major lithological boundaries such as the dike-pluton boundary at the base of the basaltic crust [Agar, 1991 [Agar, , 1994 . McClain et al. [1987] proposed that the uppermost crust develops porosity and permeability as it moves away from the neovolcanic zone, where magmatic intrusion would not accompany continued tectonic extension. Off-axis tectonic activity would lead to enhancement of upper crustal permeability and the formation of detachments. A similar suggestion was proposed for zones of enhanced fracturing within the upper kilometer of Hole 504B [Pezard et al., 1997] . Localized fracturing might not lead to a significant increase in crustal porosity and would be difficult to detect with large-scale seismic experiments [McClain et al., 1987] . Such an increase in crustal porosity with age might counteract the porosity loss associated with clogging of cracks and pores, as has been interpreted to result in an increase in crustal seismic velocities with age [e.g., Wilkens et al., 1991] .
Systematic mapping and hydrologic testing of terrestrial fault zones [e.g., Forster and Evans, 1991; Barton et al., 1995; Caine et al., 1996] unfortunately cannot be duplicated with the same detail and geological control on the seafloor. Continental faults zones in crystalline rock frequently contain complex geometries and fabrics [e.g., Logan and Decker, 1994; Caine et al., 1996] . The fault core often contains gouge and other relatively low permeability material, while a surrounding zone of fractured and damaged country rock may have considerably greater permeability. For example, the permeability of core-scale samples from crystalline thrust faults in Wyoming typically fell in the range of 10 Ϫ18 to 10 Ϫ16 m 2 for fault gouge, while values of 10 Ϫ16 to 10 Ϫ14 m 2 were typical for the damaged zone around the faults [Forster et al., 1994] . Many lower values for fault gouge permeability in crystalline rocks (10 Ϫ22 to 10 Ϫ18 m 2 ) were tabulated by Smith et al. [1990] . Fault zones within crystalline rocks may also be highly heterogeneous in their hydrologic properties over short distances [e.g., Davison and Kozak, 1988] , making regional characterization of faults difficult.
The geometries and properties of fault structures may lead to increased permeability parallel to the fault, while across-fault permeability is reduced; the appropriate hydrogeologic representation of a fault system depends on the setting and deformational style [Smith et al., 1990; Caine et al., 1996] . The effective permeability of particular fault or fracture zones within crystalline rock also depends on fracture roughness [e.g., Brown, 1987] , the relation between fault geometry and ambient stress field [e.g., Tsang and Witherspoon, 1981; Bruhn, 1994; Barton et al., 1995 Barton et al., , 1996 , and the extent of fracture connection over the length scale of interest.
3.6.2. Geophysical studies. Nobes et al. [1986] conducted a seafloor electrical resistivity experiment near Middle Valley to evaluate the distribution of porosity with depth. Basement properties were not well constrained below one site close to the center of the valley, but at another site on the flank of the valley the porosity of the upper 1000 m of basement was estimated to be about 8%, and permeability was estimated to be 10 Ϫ16 to 10 Ϫ14 m 2 [Nobes et al., 1986] . Evans et al. [1991] conducted a similar experiment on the EPR at 13ЊN, and Evans [1994] subsequently combined these results with seismic data from the same location [Harding et al., 1989 ] to estimate the porosity of the upper 1 km of basement within zero-age and 0.1 Ma crust. The resistivity structure with depth was essentially identical at the two sites, suggesting porosities of about 15-20%, with an abrupt decrease near 1 km subsurface. In contrast, seismic velocities appear to increase at about 500 m subsurface at the older site relative to the younger site, illustrating the difficulty in associating seismic properties with crustal porosity. Evans [1994] related resistivity values directly to permeability using an empirical porous media model and calculated a value for the upper 1 km of 5 ϫ 10 Ϫ12 m 2 . Apparent permeability dropped abruptly to 3 ϫ 10 Ϫ17 m 2 below this depth. Holmes and Johnson [1993] and Stevenson et al. [1994] conducted seafloor gravity studies on the northern and southern Juan de Fuca Ridge, respectively, and concluded that total porosities within the shallowest crust may be 20 -25%, with local values as great at 30%. Such high values presumably reflect the formation of collapse and pillar structures and other large-scale voids [e.g., Applegate and Embley, 1992; Gregg and Chadwick, 1996] , as well as the irregular distribution of volcanic centers along many spreading centers [e.g., Smith and Cann, 1992; Bryan et al., 1994] . Haymon et al. [1993] noted the common formation of lava tubes along the fast spreading EPR, and Fornari and Embley [1995] suggested that such structures have the potential to greatly enhance horizontal permeability within the upper crust created at fast and superfast ridges.
Crustal seismic velocity and anisotropy are also responsive to differences in porosity and pore shape, although these relations are strongly nonlinear [e.g., Wilkens et al., 1991; Moos and Marion, 1994; Sohn et al., 1997] . Clowes [1990, 1994] noted seismic velocity and attenuation anomalies below the Juan de Fuca Ridge crest, interpreted to represent regions of increased fracture porosity at the layer 2-layer 3 boundary. Calculated porosities at depths of 1.0 -1.5 km are essentially zero, except within a narrow zone directly below the ridge axis. Restricted fracturing in the basalt dikes of layer 2 would lead to hydrothermal flows along strike, with both recharge and discharge along the ridge axis. Other studies at the ridge crest [Caress et al., 1992; McDonald et al., 1994] and on flanks [e.g., Stephen, 1981 Stephen, , 1985 ] also indicated seismic anisotropy within the upper crust, perhaps indicative of preferred fracture orientation.
3.6.3. Crustal alteration. The geochemical state of oceanic crust comprises the integrated effects of fluid interaction over a range of temperatures, chemistries, and time scales. For example, radiometric dating of alteration minerals from upper oceanic basement has yielded values spanning tens of millions of years in both ophiolite and seafloor samples [Peterson et al., 1986; Gallahan and Duncan, 1994] . While the lateral extent of variability in alteration is difficult to assess from seafloor cores, except in the few locations where upper crustal sections have been sampled at adjacent sites [Natland, 1979; Muehlenbachs, 1980; Alt et al., 1996] , ophiolites provide opportunities to map out two-and three-dimensional alteration patterns [e.g., Robertson, 1988, 1990; Haymon et al., 1989; Valsami-Jones and Cann, 1994] and, together with seafloor samples, help to define consistent trends in upper crustal alteration and associated water-rock interaction.
The alteration of upper oceanic crust is intimately linked to the primary stratigraphy of the crust. The uppermost pillows, flows, and breccias are typically characterized by low-temperature oxidation and alkali fixation reactions [Gillis and Robinson, 1988; Alt et al., 1986a, b] , starting when the crust is young and continuing for tens of millions of years [Staudigel et al., 1981; Gallahan and Duncan, 1994] . Alteration within the upper basement is not uniform, but varies over centimeterand meter-scale distances [see Alt, 1995, Figure 7] ). Gallahan and Duncan [1994] suggested that the heterogeneous distribution of low-temperature alteration products in the uppermost basaltic crust of the Troodos ophiolite is inconsistent with any particular flow geometry being favored for low-temperature hydrothermal circulation. Instead, discontinuous sealing of cracks would cause irregular redirection of fluid flow throughout basaltic extrusives. Robinson [1988, 1990] mapped the distribution of alteration in the lavas and dikes of Troodos, defining distinct vertical alteration zones and extensive lateral variability. Variations in the forms of pillows, flows, hyaloclastites, and breccias suggested that permeability was heterogeneously distributed, as did local preservation of fresh glass immediately adjacent to regions of intense alteration [Gillis and Robinson, 1990] . Such geochemical variability is consistent with patterns described in other ophiolites [Stern and Elthon, 1979; Harper et al., 1988] as well as in rocks collected in seafloor boreholes [Alt et al., 1996] . Alteration minerals reflect abrupt increases in temperatures with depth from the lower volcanics (100Њ-150ЊC) to the upper dikes (250Њ-350ЊC), with apparent temperature differences of 100Њ-250ЊC over tens of meters [Alt et al., 1986a, b; Gillis and Robinson, 1990] . The geochemistry of the uppermost sheeted dikes from both Hole 504B and from the MAR indicate low water/rock ratios [Alt and Emmermann, 1985; Gillis and Thompson, 1993] , although there are veins, breccias, and pillow rims that indicate locally greater water-rock interaction [Alt et al., , 1986a .
Calculation of geochemical water/rock ratios can provide a semiquantitative indication as to the mass or volume of fluid that has passed through the upper oceanic crust during alteration, although these values also reflect absolute temperatures and pressures, the distribution of rock permeability, and fluid residence time [Spooner et al., 1977] . These calculations generally include assumptions of (1) initial compositions of both unaltered rock and circulating fluid, (2) rapid exchange between liquid and solid phases, and (3) the presence of either an infinite source of fluid (open system) or a finite source (closed system) [e.g., Mottl, 1983; Thompson, 1983] . Because chemically estimated water/rock ratios are integrated over the life of the flow systems, they reflect multiple stages (temperatures, chemistries) of flow, and values estimated using different tracers and systems tend to vary because of reaction kinetics [Spooner et al., 1977] . As a rule, chemically based estimates of water/rock ratios should be less than or equal to absolute (physical) ratios because fluid residence times may be too short for geochemical equilibrium, and fluids often pass through previously altered rock.
Water/rock ratios calculated in several studies of upper crustal alteration are summarized in Figure 4 . These calculations are based on oxygen isotope, potassium, iron, and magnesium analyses of bulk rock from the upper kilometer of DSDP/ODP Hole 504B [Alt and Emmermann, 1985; Alt et al., , 1986a ; phosphate and oxygen analyses of basalts from DSDP Hole 396B [Böhlke et al., 1981 [Böhlke et al., , 1984 , Sr and Rb/Sr data from additional DSDP sites ranging in age from 80 to 160 Ma [Hart and Staudigel, 1986] , and oxygen isotope and sodium and calcium contents of altered bulk rock samples from Troodos [Gillis and Robinson, 1990] . Collectively, these data illustrate vertical layering in upper crustal alteration, with greater water-rock interaction within the upper few hundred meters of basement (pillows, flows, breccias) and much less water-rock interaction within the lower extrusives and sheeted dikes [Alt, 1995] . While water/rock ratios have not been used to estimate quantitative values of basalt permeability, the combined profile of ratios versus depth are qualitatively similar to the bulk permeability versus depth profile compiled from borehole measurements (Plate 1), illustrating a possible influence of permeability on upper crustal evolution.
DISCUSSION
Estimates of permeability within the basaltic oceanic crust vary over orders of magnitude in different locations, with depth below the top of basement and the method of analysis (Tables 1 and 2 , Plate 1, and Figure  5 ). Values for shallow oceanic basement are generally consistent with measurements and estimates from elsewhere in crystalline rock [Clauser, 1992] . Core measurements of centimeter-scale samples are generally close to 10 Ϫ21 to 10 Ϫ17 m 2 , while packer data approach 10 Ϫ12 m 2 in uppermost basement and drop to 10 Ϫ17 m 2 in the deepest basaltic crust. Estimates of bulk permeability from borehole thermal data are somewhat more tightly constrained than packer data in their interval of measurement, but the range in estimated permeabilities is still large, varying over six orders of magnitude. Fracture analyses often indicate very high permeabilites (Ն10 Ϫ12 m 2 ), but there is no way to test many of the assumptions upon which the interpretations are based. The few seafloor resistivity experiments conducted at the ridge crest indicate values of about 10 Ϫ16 to 10 Ϫ12 m 2 and are interpreted to apply to the upper kilometer of basaltic crust, but these permeabilities and depths are not well constrained. Heat flow and modeling studies have incorporated an enormous range of permeabilities and length scales, including the full extent of direct and indirect borehole measurements and seafloor resistivity experiments, but also extend to permeabilities several orders of magnitude greater than have been measured in the seafloor.
These permeability measurements and estimates illustrate several general trends. First, bulk values measured with a drill string packer and estimated with borehole thermal measurements suggest that the greatest permeabilities are found within the upper few hundred meters of crust (Plate 1). The detailed distribution of permeability within this region is not obvious from most of the borehole measurements themselves, as the inter- [Böhlke et al., 1981] , Hole 504B [Alt et al., 1986a] , DSDP Sites 261 and 462 [Hart and Staudigel, 1986] , and holes CY-1 and CY-1A in the Troodos ophiolite [Gillis and Robinson, 1990] . The dashed line at 320 m into basement, and the arrows to the right and left, indicate that water/rock ratios are likely somewhat higher than indicated above the depth of the line, and somewhat lower below the line [Alt et al., 1986a] . Note the similarity between distribution of geochemically estimated water/rock ratios and the distribution of bulk permeabilities determined with packer experiments and borehole temperature logs (Plate 1).
pretations are based on assumptions of homogeneity and isotropy. Exceptions include the few estimates, based on both temperature logs and packer experiments, that allow assignment of the most significant transmissivity to relatively thin zones (tens of meters) in the upper crust. When combined with other geophysical, geochemical, and geological observations, it appears that the highest permeability values are often associated with lithologically and structurally distinct intervals (i.e., pillows, flows, faults, and breccia zones). Given that many geological transitions in the upper crust are abrupt and that permeability in this setting is intimately controlled by crustal lithology and structure, it seems likely that regions within the upper crust having very different hydrogeologic properties will often be sharply bounded. Because of this heterogeneity and because there are likely to be variations associated with crustal spreading rate, age, extent of alteration, and other geological parameters, defining a single permeability versus depth relationship for the basaltic oceanic crust is not possible at present and may never be possible.
The crude trend of the global oceanic data set, and of measurements of crystalline rocks in general, is for apparent permeability to increase with the length scale of measurement, at least over the interval of hand sample to borehole scales (10 Ϫ2 m Յ measurement length Յ 10 1 m) ( Figure 5 ). In the case of borehole packer measurements and estimates based on borehole logs, there is an opposite trend embedded in the data (Plate 1). Because permeability in crystalline rocks tends to be concentrated along thin intervals, the inclusion of much wider zones around the most permeable intervals results in an overall underestimate of bulk permeability [e.g., Black, 1990; Hufschmied et al., 1990] . If smaller intervals in DSDP and ODP boreholes containing fractures or breccia zones could be isolated and tested, the bulk permeabilities of these intervals would tend to be greater than those previously reported for the longer borehole intervals. Similarly, if Hole 1026B had been drilled another 50 m into basement and if the temperature log had been collected much later, after the less permeable zones in basement had thermally equilibrated, it might not have been possible to identify where in the upper 100 m of basement the greatest permeability was concentrated. Apparent permeabilities in crystalline rocks in the global data set seem to peak and plateau once the measurement scale reaches some critical length of the order of tens to hundreds of meters [Clauser, 1992] . This interpretation is similar to that recently applied to three carbonate aquifers thought to contain both porous medium and fracture permeability [Schulze-Makuch and Cherkauer, 1997] . Bulk hydraulic conductivities estimated from packer and other well tests differed from basin-scale estimates in that study by only one order of magnitude or less. This observation is consistent with the global crystalline rock data set [Clauser, 1992] , in which (Tables 1 and 2) and estimates of formation permeability from related environments. See discussion in text regarding the length scale of the estimates. bulk permeabilities were found to plateau at the borehole scale, although the wide range of measured values may contain different trends for individual regions (Figure 5) .
Schulze- Makuch and Cherkauer [1997] also suggested that it is measurement volume, not measurement length, that should be used to examine scaling issues in heterogeneous aquifers. I have taken the cube root of the measurement volumes cited in their analysis to crudely convert from volume scale to length scale so that their results could be compared with those from crystalline rocks ( Figure 5 ). The final plateau in permeability from Schulze-Makuch and Cherkauer [1997] is at the high end of the borehole measurements from upper oceanic basement, about 10 Ϫ12 to 10 Ϫ11 m 2 , but the plateau length scale is similar. The oceanic values do not cluster neatly along a regular trend as a function of length scale, but this may reflect variations in geological parameters (age, spreading rate, alteration, etc.) as well as the need to consider rock volume of each test rather than interval length. A more appropriate comparison would include measurements made at the same location over a range of length and volume scales, but how is the scale of individual experiments to be properly assessed? What volumes of rock were actually tested?
This question can be addressed through calculation of the "radius of influence" for these tests, the distance into the formation at which there would be a negligible head change resulting from flow into or out of the borehole. The radius of influence of a free-flowing, overpressured well has been studied extensively within the petroleum industry [Matthews and Russell, 1967; Hurst et al., 1981] , and similar calculations have been made for terrestrial aquifers to assist with resource development and capture zone analyses [e.g., Sen and Sabtan, 1992; Guyonnet et al., 1993; Bakker and Strack, 1996] . As with many other borehole calculations of hydrologic properties, these estimates are based on the assumption that the formation around the well behaves as a homogeneous, isotropic, porous medium. Guyonnet et al. [1993] applied the Cooper et al. [1967] solution to calculate the radius of influence during slug testing as a function of the magnitude of the perturbation (relative to the original head change at the well), time, and well bore storage. The maximum radius of influence of a slug test at the 1% perturbation level (r iϪ1% ) is r iϪ1% ϭ r w C D m , where r w is well radius, C D is dimensionless well storage, and and m are coefficients derived from a least squares best fit of calculated values in log-log space. Application of this relation to slug tests in the upper oceanic crust [Anderson and Zoback, 1982; Anderson et al., 1985b, c; Becker, , 1996 suggests a radial influence extending only 3-30 m from the borehole, and including 10 1 -10 4 m 3 of rock. A similar radius of investigation calculation was applied to injection tests using the Cooper and Jacob [1946] late-time approximation. For a test in which fluid is pumped into the formation at a steady rate, the radial distance from the well at which no pressure perturbation is expected is r iϪ0 ϭ 2.25 Tt/S. This relation applies only when u ϭ r 2 S/4Tt Յ 0.01, where r is the distance from a pumping well at which observations are made. In the case of seafloor pumping tests conducted thus far, there has been no observation well, making it difficult to estimate values for storativity (S) with confidence. We can bracket likely values for storativity through consideration of calculations made from slug test data [e.g., Anderson and Zoback, 1982; Anderson et al., 1985b, c; Becker, , 1996 , which suggest that appropriate values are of the order of 10 Ϫ4 to 10 Ϫ3 over a range of crustal settings and tested intervals.
Using these storativity values, measured transmissivities (T) from pumping tests, and typical test durations of 20 -30 min, the radius of influence of pumping tests conducted in upper basement is of the order of 0.2-11 km, while the total volume of rock tested ranges from 10 4 to 10 6 m 3 . The observation that slug and pumping tests conducted over the same depth intervals in single holes generally indicated similar bulk permeabilities [e.g., Becker, 1991] suggests that the differences in measurement scale did not involve significantly different flow systems.
A much greater volume of rock was tested during longer-term experiments associated with the flow of water into or out of upper crustal sections having natural pressures different from hydrostatic [Becker et al., 1983a; Fisher et al., 1997] . Assuming that the formation is incompressible, the radius of influence around a flowing well increases approximately with the square root of time [Hurst et al., 1981, p. 306 (4) where is porosity and ␤ is fluid compressibility. Because it neglects aquifer compressibility, equation (4) provides an upper limit as to the length scale over which these calculations may apply. Application of this relation to the flow of fluid into the upper Hole 504B with appropriate parameters (k ϭ 10 Ϫ13 m 2 , ϭ 0.1, r w ϭ 0.15 m, ␤ and appropriate for T ϭ 10Њ-60ЊC) yields a radius of influence of 4 -10 km as of DSDP Leg 70. Application of (4) to flow into 504B over the next 7-13 years (ODP Legs 111-148) yields radial distances of tens of kilometers. A similar analysis applied to flow out of Hole 1026B during the 10 -20 days following drilling with appropriate physical parameters also suggests a radius of influence of several tens of kilometers, while flow into Hole 858G, 1.5 days following penetration of upper basement, would have a radius of influence of 0.5-5.0 km, depending on the thickness of the permeable zone.
Long-term borehole flow experiments can also be considered using the Cooper and Jacob [1946] method described earlier, although this requires application of a Neumann boundary condition at the borehole wall rather than the more appropriate Dirichlet boundary condition. Using the same parameters for analysis of the long-term flow experiments yields a radius of influence of 2-7 km for Hole 1026B after 20 days, 1-7 km for Hole 504B after 50 days, and 0.3-0.9 km for Hole 858G after 1.5 days of flow. These calculations are broadly consistent with upper crust in these areas hosting regionally significant hydrothermal circulation, although greater constraint would be provided by time series records of flow rates and formation pressures, particularly if the latter were available from more than one well, so that storativity could be determined with greater confidence. These calculations raise additional questions about the representation of permeability in coupled models and about our ability to use models to constrain quantitative permeability values for the upper oceanic crust. If the lateral scale of bulk permeability determined from borehole measurements on ridge flanks is several kilometers or more, are regional permeabilities in the uppermost kilometer of oceanic basement orders of magnitude greater than have been measured, as results of many numerical studies suggest (Table 2) ? In order to accept such high regional permeabilities, we must surmise that all oceanic basement holes in which measurements have been made were drilled in kilometer-scale regions of hydrologically anomalous (low permeability) crust. An alternative explanation is that the horizontal bulk permeability values measured in oceanic basement boreholes are representative, but that most of this permeability is concentrated within relatively narrow zones. A highly layered lithologic and tectonic structure would lead to enormous permeability anisotropy within the upper crust. Efficient lateral heat transport might then take place without requiring deep convection or low-aspectratio convection cells on ridge flanks. Numerical models will not resolve this question, as a range of flow geometries can produce similar thermal and chemical results.
The situation at the ridge crest is more complex and less well constrained, as we have no direct measurements of permeability in very young, normal crust. But the bulk of the indirect evidence points to crust at the ridge crest having a heterogeneous permeability distribution as well. Hydrothermal vents and sulfide structures are commonly located along seafloor faults and fissures. If the upper crust at ridge crests is uniformally permeable to a depth of kilometers, how does fluid flow over a region of square kilometers (necessary to gather sufficient heat) become channeled to exit the seafloor at high velocities through a small number of vents, each tens of centimeters in diameter? The situation is made more complicated by the transient nature of magmatic, tectonic, and hydrothermal events. Different parts of the upper crust are likely to be involved in hydrothermal circulation at different times.
If permeability within the basaltic oceanic crust is distributed heterogeneously, can Rayleigh number calculations be applied to interpret hydrothermal systems? The presence of widely spaced, highly permeable zones violates several of the primary assumptions common to Rayleigh number analysis [e.g., McKibben and O'Sullivan, 1980; Ormond and Genthon, 1993] , as do phase separation and extreme differences in fluid properties with temperature and pressure Rosebauer, 1994, 1989; Butterfield et al., 1990] , the presence of nonhorizontal boundaries at either the top or bottom of the convecting layer [Palm, 1990; Criss and Hofmeister, 1991] , transient changes in formation properties over a range in timescales [e.g., Cann and Strens, 1989; Lowell and Germanovich, 1994; Dutrow and Norton, 1995] , and the presence of heat sources (instabilities) along vertical boundaries [e.g., Fehn et al., 1983; Travis et al., 1991] .
It has been implicit in many models of seafloor hydrothermal circulation incorporating the REV approach that in the absence of a detailed understanding of the permeability distribution in the upper crust, an isotropic and homogeneous (or smoothly varying with depth) representation is the most hydrologically "objective." But because of the relations between permeability distribution and numerous mechanical, chemical, and thermal processes, no representation of permeability in the oceanic crust is neutral (Figure 6 ). For example, the effi- Figure 6 . A conceptual illustration of how the distribution of permeability within the upper oceanic crust will influence, and be influenced by a wide range of properties and processes. This permeocentric view of coupled crustal processes (inspired by Garven [1995, Figure 4 ]) shows that no representation of permeability in the oceanic basement is free from fundamental assumptions. The permeability distribution acts as a transform between processes and products in the upper oceanic crust.
ciency of advective heat transport depends explicitly on whether permeability is uniformally distributed or concentrated along discrete conduits. Whether the crust behaves as a porous or fractured medium will greatly influence changes in hydrologic properties (and associated thermal and chemical processes) when fluid pressure changes following an intrusive or tectonic event. If the oceanic crust behaves chemically as a porous sponge, with evenly distributed and closely spaced pathways dominating water-rock interaction, then large volumes of rock will react with flowing fluid over relatively short timescales. If flow is restricted to narrow pathways, however, the walls of these zones may become altered at an early hydrothermal stage, isolating subsequent flows from continued interaction with the host rock except by diffusion. The historical approach has been to assume that permeability within discrete subdomains is uniformally distributed, but this should be recognized as a mathematical simplification rather than a geological necessity until observational justification is found.
As a semiquantitative example of the potential importance of permeability representation in hydrothermal models of the upper crust, water/rock ratios have been calculated for two numerical simulations of ridge-flank hydrothermal circulation (Figure 7) . The parameters for the simulations are based on measured properties and known upper crustal geometries at Site 504, including basement relief and variable sediment thickness (cases HIGHSEDK and THICBHIK from Fisher et al. [1994] ). Heat flow at the base of the crust was 200 mW m Ϫ2 , and the simulations were allowed to continue until steady state conditions were reached. Crustal permeability in both simulations was assigned to be 10 Ϫ13 m 2 over the first 100 m into basement, 5 ϫ 10 Ϫ15 m 2 over the next 100 m into basement, and 10 Ϫ17 m 2 over the greater depths in the upper crust. Water/rock ratios were calculated by tabulating the cumulative flux of fluid (by mass and volume) into and out of individual mesh elements along a column extending from the seafloor to the base of the simulation domain and comparing these values with the mass and volume of the rock within the same mesh elements. The calculated water/rock ratios are thus physical values and are expected to be considerably greater than chemical water/rock ratios calculated from fluid or solid geochemistry for a similar system.
The first simulation included permeability distributed evenly within each of the layers in upper basement (Figure 7a ), while the second simulation had most of the permeability within shallowest basement concentrated in two zones having a combined thickness of 40 m ( Figure  7b ). Because the cumulative flux of water through any part of the model increases with time, the water/rock ratios were calculated per million years at steady state. Simulated water/rock ratios change abruptly by several orders of magnitude at the boundaries between layers having significantly different permeabilities (Figure 7) . Similarly abrupt decreases with depth in chemical water/ rock ratios were calculated from seafloor and ophiolite samples (Figure 4) . Physical water/rock ratios can be many orders of magnitude greater within thin, extremely permeable layers (Figure 7b ). The more vigorous convection caused by the inclusion of these thin layers also increased the physical water/rock ratios within underlying units, even when the permeability of these deeper layers was unchanged (Figure 7 ). Coupled processes in the upper oceanic crust will behave quite differently depending on how permeability is distributed. [Fisher et al., 1994] .
CONCLUSIONS AND RECOMMENDATIONS
Several decades of observational, experimental, and mathematical studies confirm the importance of fluid flow within basaltic oceanic crust over a wide range of temperatures, pressures, chemistries, and crustal ages and settings. Significant advances have been made in determining where and how quickly fluids move through upper oceanic basement and what impact these fluids have on crustal and ocean properties. But much of our understanding is conceptual rather than specific: we know much more about the integrated effects of flow than we do about the mechanisms and rates by which many water-rock interactions are controlled. Gaps in our knowledge of fluid flow processes reflect, in large part, uncertainties regarding the distribution and evolution of permeability within the crust. Resolving these uncertainties is critical to understanding the nature of coupled physical and chemical processes that operate over the life of the oceanic crust. In the absence of a more complete picture of how permeability is distributed within the oceanic crust, we can not constrain predictive models incorporating fluid flow, crustal evolution, and global geochemical budgets.
The available data (observational, experimental, and inferential) support several generalizations regarding permeability within basaltic oceanic crust. Basement hydrogeology is intimately linked to crustal formation and modification at and close to the ridge crest. Differences in permeability are associated with primary stratigraphy and with lateral variations in the form of intrusive and extrusive basalt. The shallowest oceanic basement, comprising pillows, flows, and zones of brecciation, is likely to contain some of the greatest permeability in the upper crust, with a strong horizontal anisotropy resulting from crustal layering. While subvertical faults may provide important conduits between shallow and deeper crustal hydrothermal systems, significant lateral flow seems to be required within the upper kilometer of basement to explain seafloor heat flow anomalies and the apparent homogenization of temperatures near the sedimentbasement contact on several ridge flanks. Additional subhorizontal conduits at depth, perhaps within and at the base of the sheeted dikes, may allow lateral energy and solute transport; such zones remain to be located and tested to determine their properties.
Further controls on upper crustal hydrogeology result from synmagmatic and postmagmatic tectonic modification. At the ridge crest, extensional faults are likely to provide conduits for fluids to move quickly between shallow-crust and deeper-crust hydrothermal reservoirs. Even if the remaining crust has a relatively high permeability, flow along subvertical conduits would allow large volumes of high-temperature hydrothermal fluid to move quickly from depth to the seafloor, where it can vent at relatively restricted and isolated sites. The formation of faults that strike subparallel to the ridge crest is also likely to result in large-scale permeability anisotropy, perhaps extending to great depth within the crust. These faults may remain seismically, structurally, and hydrologically important well after the crust leaves the ridge crest, but the relative importance of faults in influencing the geometry and intensity of off-axis hydrothermal flows remains to be determined. Understanding the hydrologic importance of faults within the shallow crust will require that we learn more about the formation and distribution of permeability in general, as it seems unlikely that either constructional layering or faulting alone can provide sufficient directional permeability to explain the observed patterns of fluid flow and water-rock interaction. It appears, instead, that the upper oceanic crust is permeable over a continuum of scales (spatial, temporal), with tectonically enhanced permeability along faults and fractures superimposed over a heterogeneous, layered system.
Idealized models of pervasively distributed permeability (isotropic, homogeneous) allow the estimation of equivalent properties for the crust, but these are representations of convenience. The geological record and numerous direct measurements of properties within the seafloor demonstrate that upper crustal properties are often heterogeneous and strongly anisotropic. In some cases, irregularly distributed properties can be effectively represented using a continuum approach, but the applicability and accuracy of such models will depend on the nature of the problem being addressed and the time and length scales of interest.
Given the difficulty of quantitatively describing upper crustal permeability in general, it is not possible at present to accurately predict changes in permeability as the crust ages. In some cases, permeability should be lost as fractures, breccia zones, and faults are closed by hydrothermal precipitation and mechanical compaction. In other cases, however, permeability may be enhanced by off-axis tectonic and geochemical mechanisms. Observations from seafloor over a wide range of ages suggest that the aggregate influence of these processes on crustal hydrogeology is neither monotonic nor linear. While there tends to be greater alteration as the crust ages, and seismic data and models suggest that this alteration leads to closure of cracks in the crust [e.g., Wilkens et al., 1991; Shaw, 1994] , the available data do not demonstrate a concurrent permeability reduction (Plate 1).
After 30 years of deep ocean drilling there remain enormous gaps in our understanding of primary crustal evolution, and many of these issues will remain unresolved until additional direct measurements are completed in a variety of settings. Simply drilling, coring, and testing within upper basement (1-2 km) along several crustal aging profiles, through seafloor produced at different rates, would be very helpful. While additional measurements of bulk permeability in single holes will continue to be useful, particularly if measurements can be completed along crustal flow lines to quantify changes in bulk permeability as the crust ages, it is also necessary to attempt a new series of focused experiments. These experiments will require the use of specialized methods in single boreholes (i.e., flow meter and tracer testing), as well as cross-hole experiments involving one or more observation wells completed at different depths. Multihole experiments will be particularly useful for exploring the importance of fracture-dominated flow, horizontal and vertical anisotropy, and the lateral scales of crustal heterogeneity. Multihole experiments will be facilitated through the use of long-term borehole observatories as well as long-term deployments of seafloor instruments to document relations between hydrologic properties and tectonic events, seafloor venting, and magmatic activity. One set of multihole and seafloor observations of hydrogeologic and geophysical processes was recently conducted during ODP Leg 169 to Middle Valley Juan de Fuca Ridge [Shipboard Scientific Party, 1998 ], and preliminary interpretations of these data should be available in the next year.
While we will not resolve the distribution of permeability within upper oceanic basement using coupled models, it would be worthwhile to explore the influences of fracture versus porous medium flow on a range of transport and reaction processes in the crust. New models incorporating highly anisotropic permeability distributions and multiporosity representations should be applied to seafloor hydrothermal systems. It is also time to merge key aspects of fracture loop and REV approaches and to create models that include the capability of gathering heat from a wide area and channeling vent fluids to flow through isolated conduits at the seafloor. Fractured rock might be treated as a percolation network [e.g., Gueguen et al., 1991] or a hierarchical, multiscale continuum [e.g., Neuman, 1990] rather than as an equivalent porous medium with a single set of properties. In the absence of a large data set of observations on subseafloor hydrologic properties (and the global data set is like to remain limited for some time), it would also be helpful to use stochastic methods to generate a range of plausible permeability distributions, and then evaluate how these representations influence fluid flow patterns, intensities, and water-rock interactions. For example, will the inclusion of discontinuous regions of greater and lesser permeability cause the formation of preferred flow channels, or will hydrothermal convection follow one or more "natural" patterns? Would the inclusion of preferential flow channels increase convection stability? Additional progress can be made through continued application of physically and chemically coupled models that allow properties and processes to change with time, but ultimately these models will require additional observational constraints to be applied with confidence.
Care must be taken in all simulation efforts to use as much observational (geological, geophysical, and geochemical) evidence as possible. While the vast array of information already collected on seafloor fluid flow, crustal character, and the transport of heat and solutes is sometimes contradictory and confusing, underlying it all must be consistent system behaviors, a primary set of relations between properties and processes that will provide the basis for a realistic understanding of oceanic crustal hydrogeology.
